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ABSTRACT 
A 4-m high, 15.24-cm diameter semi-batch bubble column connected to one of three 
perforated plate gas distributors with open area ratios A = 0.57%, 0.99%, and 2.14% is 
employed to study gas holdup and flow regime in Rayon and Nylon fiber suspensions. This 
study determines the effect of superficial gas velocity, fiber type, fiber mass fraction, fiber 
length, and aeration plate open area ratio on gas holdup and flow regime transition in various 
fiber suspensions. 
Experimental results show that gas holdup increases with increasing superficial gas 
velocity, and the plot of gas holdup vs. superficial gas velocity depends on aeration plate 
open area. Gas holdup decreases with increasing fiber mass fraction and fiber length. 
It is found that Nylon fiber is not an appropriate model system because gas holdup has 
been shown to vary with time. This phenomenon is mainly attributed to the fact that 
proprietary additives on the Nylon fiber surface modify the fiber suspension rheology and 
liquid surface tension with time. 
Additional results show that gas holdup increases with aeration plate open area ratio 
when A < 1%; when aeration open ratio was further increased (e.g., A = 2.14%), gas holdup 
decreases. Contributions to the decrease in gas holdup with increasing open area ratio are 
discussed. 
xix 
Homogeneous, transitional, and heterogeneous flows are generated using three different 
aeration plates in air-water and low fiber mass fraction suspensions, and the superficial gas 
velocity at which the flow regime transition occurs depends on fiber length and aeration plate 
open area. The flow pattern changes to pure heterogeneous flow when the fiber mass fraction 
is high. The critical fiber mass fraction at which pure heterogeneous flow is observed 
depends on fiber length and aeration plate open area. 
Finally, three gas holdup models are developed corresponding to different flow regimes 
by using data in this study (D = 15.2 cm). The models can reproduce most of the data within 
± 15%. These models are also successfully extended to reproduce gas holdup within ± 15% 
in a similar bubble column with D = 32.1 cm. 
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CHAPTER 1: INTRODUCTION 
1.1 Bubble Column Background 
Bubble columns are devices used to affect gas-liquid (GL) or gas-liquid-solid (GLS) heat 
and/or mass transfer operations wherein a discontinuous gas phase in the form of bubbles 
moves relative to a continuous phase. In its simplest form, a bubble column is a vertical 
cylinder, as shown in Figure 1.1. (Figures are found at the end of the respective chapter in 
this document). Gas enters at the bottom through a gas distributor which may vary in design. 
The continuous phase may be supplied in batch form or it may move with or against the flow 
direction of the gas phase; the respective bubble columns are called semi-batch, cocurrent, 
and countercurrent bubble columns. Various modified bubble columns used in the chemical 
process industry are described by Shah et al. (1982). The continuous phase can be a liquid or 
a liquid-solid slurry, and the corresponding bubble column is called a GL bubble column and 
a GLS bubble column, respectively. 
GL and GLS systems are encountered in many process industries such as petroleum-
based fuel production, commodity and specialty chemical production, mineral processing, 
textile and pulp and paper processing, wastewater treatment, food processing, and biological 
organism production. The wide applications are partly a result of the many advantages of 
bubble columns including: absence of moving parts, high values of effective interfacial area 
and heat/mass transfer rate, no solid erosion, low relative cost, and slow reactions (Shah et 
al., 1982). Studies related to GL or GLS bubble columns have increased considerably in the 
2 
past 10-15 years because of their influence on the economic success of the above mentioned 
industries. 
1.2 Motivation 
One area of GLS bubble column research that has gained recent attention is gas-liquid-
fiber (GLF) bubble columns, where the solid phase is a flexible fiber. GLF systems are found 
in the pulp and paper industry in many unit operations including paper recycling (i.e., 
flotation deinking), fiber bleaching, direct-contact steam heating, and deaeration. 
Gas holdup, defined as the volumetric gas fraction in the two or three phase mixture, is 
one of the most important parameters in bubble column transport processes, and thus, has 
been extensively studied. A higher gas holdup generally implies an increase in the interfacial 
area between the gas and liquid (or solid), which enhances the heat and mass transfer rate 
(Lindsay et al., 1995). Maximizing gas holdup is desired to obtain high separation rates in 
flotation deinking and to create sufficient interfacial area for mass transfer in pulp bleaching. 
The gas flow regime in GLF systems is also critical to system operation. For example, 
homogeneous flow generates uniform bubble sizes, which is important to improve flotation 
efficiency and provide uniform stock heating in direct-contact steam heating. 
Gas flow in GLF bubble columns is more complex than typical GLS bubble columns. 
Unlike conventional solids used in gas-liquid-solid slurry systems, which are typically 
spherical, or slightly irregular, fibrous solids may be flexible and have a large aspect ratio, 
leading to fiber deformation and orientation as additional suspension characteristics (Schmid 
3 
et al., 2000; Joung et al., 2001). In addition, mechanical contacts result in fiber-fiber 
interaction, which make the fiber suspension effective viscosity increase significantly with 
fiber addition (Sundararaj akumar and Koch, 1997). Fiber flocculation is an additional 
phenomenon in semi-concentrated and concentrated fiber suspensions, and is closely related 
to fiber shape, stiffness, mass fraction, aspect ratio, and interfiber friction (Schmid et al., 
2000). This leads to a different suspension rheology for different fiber types and mass 
fractions, which in turn leads to different gas flow behavior in the resulting fiber suspension. 
Therefore, rheological characteristics of fiber suspensions are very complex and result in 
very complex gas flow behavior when a gas is bubbled through a fiber suspension. The 
complexity of this flow has led Reese et al. (1999) to conclude that gas flow in fiber 
suspensions is an area in need of further study. 
The complex fiber suspension characteristics lead to a complex effect of fiber on gas 
holdup. Some researchers recorded gas holdup decreases with increasing fiber mass fraction 
(Went et al., 1993; Reese et al., 1996; Janse et al., 1999), but some others observed that gas 
holdup in a GLF suspension can be significantly higher than that recorded in a GL system 
operating under similar conditions (Lindsay et al., 1995; Schulz and Heindel, 2000). Hence, 
it is necessary to further study the effect of fiber addition (mass fraction) on gas holdup and 
determine factors that influence the results. 
Fiber length also has a significant effect on fiber suspension rheology (Bennington et al., 
1990; Sundararaj akumar and Koch, 1997), thus, it is expected that fiber length influences gas 
holdup and flow regime as well. 
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Fibers with a uniform, fixed fiber length are necessary to determine fiber length effects 
on gas holdup. Rayon synthetic fiber is a good material to be employed for this intention. 
This is because: (i) Rayon fibers are formed from regenerated cellulose and (ii) synthetic 
fiber length, diameter, strength, and uniformity are easily controlled (Cruz, 1964). Thus, 
Rayon fiber will be used to study the effect of fiber mass fraction and length on gas holdup 
and flow regime transition in fiber suspensions. Nylon fiber, a non-cellulosic man-made 
fiber, is also employed to compare the Rayon fiber results. 
The effect of gas distributor open area ratio on gas holdup and flow regime transition has 
been studied in gas-liquid systems (Shnip et al., 1992; Tsuchiya and Nakanishi, 1992; 
Zahradnik et al., 1997) and contradicted results were recorded. Tsuchiya and Nakanishi 
(1992) and Zahradnik et al. (1997) reported that gas holdup increases with increasing open 
area ratio and Shnip et al. (1992) claimed that gas holdup decreases with increasing open area 
ratio. Little study has been done on the effect of gas distributor on gas holdup in gas-liquid-
solid systems. As both gas distributor (Miyahara and Takahashi, 1986; Solanki et al., 1992; 
Xie and Tan, 2003) and solid addition (De Swart et al., 1996; Heindel, 2002) affect bubble 
behavior and thus gas holdup, it is desired to study these effects in fiber suspensions while 
varying the fiber mass fraction and length. The information about the effect of gas 
distribution open area ratio in gas-liquid-fiber suspensions will be valuable when it is desired 
to optimize gas holdup behavior for selected pulp and paper industrial conditions and 
requirements. 
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1.3 Thesis Goals 
Impelled by the needs of the pulp and paper industry for gas holdup conditions and the 
limited information about gas flow hydrodynamics in complex GLF systems, this thesis will 
investigate gas holdup behavior in fiber suspensions by employing Rayon and Nylon fibers. 
Specific thesis goals include: 
1. Determine the effect of fiber type (Rayon and Nylon), length, and mass fraction on gas 
holdup and gas flow regime. 
2. Determine the effect of aeration plate open area ratio on gas holdup and gas flow regime. 
3. Determine the effect of bubble column diameter on gas holdup in cellulose fiber 
suspensions. 
4. Identify the mechanism(s) behind the influences of fiber type, fiber geometry, fiber mass 
fraction, aeration plate open area ratio, and bubble column diameter, and interpret gas 
holdup behaviors in fiber suspensions. 
5. Develop gas holdup correlations for GLF bubble column operations to predict 
performance and to control desired gas holdup characteristics when fibers are added to 
the process. 
The knowledge gained in this study is expected to help control gas holdup conditions to 
improve transport rates in the pulp and paper industry and provides information on GLF 
bubble column design and scale-up. Also, it may provide information on the development of 
theoretical models enabling the mathematical simulation of GLF bubble columns. 
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Figure 1.1: Schematic of a generic bubble column. 
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CHAPTER 2: LITERATURE SURVEY 
This chapter includes six sections: the first two sections review gas holdup and flow 
regime and their influential factors, respectively, in gas-liquid and gas-liquid-solid systems, 
the third section reviews the characteristics in fiber suspensions and the effect of fiber on gas 
holdup, flow regime, and bubble behavior in a gas-liquid-fiber bubble column, the bubble 
behavior and the influencing factors are reviewed in the fourth section; the fifth part 
summarizes the gas holdup models in the literature, and the last section summarizes the 
literature review. 
2.1 Gas-Liquid Bubble Columns 
Extensive work has been completed addressing the hydrodynamics and characteristics of 
gas-liquid bubble columns. This section will summarize the main conclusions from this body 
of knowledge. 
2.1.1 Introduction of Flow Regimes and Gas Holdup 
Two main gas flow regimes occur in bubble columns: homogeneous flow and 
heterogeneous flow. These two flow regimes are separated by a transition regime (Zahradnik, 
et al., 1997; Chen et al., 1994). By using an appropriate gas distributor, the homogeneous and 
heterogeneous regimes can be obtained in the same facility by simply varying the gas flow 
rate. Homogeneous flow (Figure 2.1a) occurs when the gas flow rate is low. It is 
characterized by an almost uniform bubble size distribution and uniform radially gas holdup 
profile. Bubble coalescence and breakup are negligible. Bubbles rise virtually vertically or 
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with small scale transverse and axial oscillations. No large-scale liquid circulation exists in 
the system. When the gas flow rate is high, heterogeneous flow (Figure 2.1b) occurs and is 
characterized by a wide bubble size distribution and a radial gas holdup profile. The radial 
gas holdup profile causes a radial static pressure profile in which the central static pressure is 
lower than that near the wall, leading to macro-scale liquid circulation. Bubble coalescence 
and breakup are also common in heterogeneous flow. The transition regime between 
homogeneous and heterogeneous regimes is characterized by the onset and complete 
development of liquid circulation patterns (Zahradnik et al., 1997). The heterogeneous flow 
regime also can be produced by aeration plates with large holes at any gas flow rate and 
Ruzicka et al. (2001a) called this condition pure heterogeneous flow. 
Gas holdup (or void fraction) is defined as the volumetric gas fraction. In a bubble 
column, gas holdup is easily recorded by measuring the liquid height or pressure drop with 
and without aeration. Gas holdup is related to the gas flow rate introduced into the bubble 
column. The relationship of gas holdup to gas flow rate depends on flow regime and the 
typical relationship is plotted in Figure 2.2. When homogeneous, transitional, and 
heterogeneous flow regimes are generated, there are two different relationships of gas holdup 
as a function of gas flow rate; one produces a local maximum gas holdup (line a) and another 
one does not (line b). These differences depend on aeration plate. For the former case, gas 
holdup increases with increasing gas flow rate until it reaches a local maximum value, then it 
decreases with increasing gas flow rate until it reaches a local minimum gas holdup, which 
indicates the end of transition flow regime and the onset of heterogeneous flow regime. 
Shnip et al. (1992) attributed the decrease in gas holdup with increasing superficial gas 
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velocity to liquid circulation within the column; for a given change in superficial gas 
velocity, the increase in liquid circulation causes bubbles to rise faster than the rate of bubble 
generation, leading to the reduction in gas holdup. In the heterogeneous flow regime, the 
effect of superficial gas velocity on liquid circulation lessens, and the rate of bubble 
generation is proportional to superficial gas velocity, therefore, gas holdup generally 
increases slightly with increasing gas flow rate. For the latter case, gas holdup monotonically 
increases with gas flow rate, but the slope is different between the homogeneous and 
heterogeneous flow regimes. A continuous but nonlinear increase in gas holdup with 
increasing gas flow rate is observed in pure heterogeneous flow regime (line c). 
2.1.2 Gas Holdup 
Gas holdup is strongly dependent on gas bubble behavior and liquid flow pattern within 
the bubble column. It has been shown that gas bubble behavior depends mainly on: (1) 
bubble column gas flow rate, (2) gas distributor design and column dimensions, and (3) 
physical properties of the liquid (liquid-solid) phase. 
2.1.2.1 Influence of Column Diameter (D) on Gas Holdup 
Numerous studies have been conducted to investigate the effect of bubble column 
diameter on gas holdup, and most of the studies focused on the heterogeneous flow regime. 
In general, gas holdup decreases with increasing bubble column diameter when D is below a 
critical value (Yoshida and Akita, 1965; Shah et al., 1982; Wilkinson, 1991; Deckwer, 1992; 
Zahradnik et al., 1997; Krishna et al., 2001). Zehner (1989) and Krishna et al. (2001) 
attributed the decrease in gas holdup with increasing bubble column diameter to the 
increased liquid circulation intensity with increasing column diameter. The increased liquid 
circulation has the effect of accelerating the bubbles and results in a decreased gas holdup. 
When the column diameter is beyond a critical value, the effect of D vanishes. Yoshida 
and Akita (1965), Shah et al. (1982), Deckwer (1992), Wilkinson (1991), and Zahradnik et 
al. (1997) reported that the critical diameter is between 0.1- 0.2 m. Zahradnik et al. (1997), 
however, claimed that the assumption of gas holdup independence on column diameter when 
D is greater than the critical value is only valid for heterogeneous flow. They used columns 
D = 0.14 m and 0.29 m with different aeration plate hole diameters of d0 = 0.5 and 1.6 mm. 
Two different flow patterns were generated for each column with different d0: homogeneous, 
transitional, and heterogeneous flow for d0= 0.5 mm and pure heterogeneous flow for d0 = 
1.6 mm. They concluded that when homogeneous flow was observed, a higher gas holdup in 
the transitional flow regime was observed when D = 0.14 m. Similar gas holdup values were 
reported in the homogeneous and heterogeneous flow regimes when D - 0.29 and 0.14 m. 
The effect of column diameter diminished for pure heterogeneous flow. Krishna et al. (2001) 
numerically predicted that when D > 0.15 m, column diameter had an effect on gas holdup in 
the homogeneous flow regime and gas holdup decreased with increasing bubble column 
diameter. This observation supported the conclusions of Zahradnik et al. (1997) that the gas 
holdup dependence on column diameter is limited to the homogeneous and transitional flow 
regimes. The experimental results of Vandu and Krishna (2004) showed that column 
diameter affects gas holdup both in homogeneous and heterogeneous flow regimes even 
when D > 0.15 m. 
The effect of bubble column diameter on gas holdup also relates to the liquid properties. 
Vatai and Tekic (1989) studied bubble columns with D = 5,10,15, and 20 cm and pointed 
out that the column diameter has no influence on gas holdup in an air-water system. 
However, the column diameter has an effect for a high liquid viscosity. 
2.1.2.2 Influence of Gas Distributor on Gas Holdup 
Gas holdup behavior is closely linked to gas distributor plate design, which is one of the 
reasons that different phenomena have been observed by different investigators. When using 
a perforated aeration plate, hole diameter (do) and area ratio (R, column cross-sectional area 
to total plate hole area) or open area ratio (A = 1/R) are two important parameters for gas 
distributor plate design. 
Wilkinson (1991) showed that the effect of hole diameter on gas holdup was negligible 
when do was larger than 1-2 mm. This observation corresponds well with the studies of 
Zahradnik et al. (1997) who concluded that gas holdup was independent of hole diameter 
when d0 > 1.6mm. In contrast, Wilkinson (1991) pointed out that when do was less than 1 
mm, small bubbles were formed leading to a higher gas holdup, which was in full agreement 
with the prediction of Shnip et al. (1992) who numerically showed that small hole diameters 
tend to increase gas holdup, as well as the experimental results of Zahradnik et al. (1997) 
and Tsuchiya and Nakanishi (1992). Wilkinson (1991) also acknowledged that the relatively 
high gas holdup for small hole diameters was more pronounced for short bubble columns, 
and this effect may diminish for very tall bubble columns due to the ongoing process of 
bubble coalescence. 
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Contradictory results have been obtained for the effect of open area ratio. Ohki and Inoue 
(1970), Zahradnik and Kastanek (1979), Tsuchiya and Nakanishi (1992), and Zahradnik et al. 
(1997) concluded that the local maximum gas holdup increased with increasing open area 
ratio. In these studies, the increase in open area was obtained by increasing the number of 
holes with a constant hole diameter. On the contrary, Shnip et al. (1992) numerically 
predicted that the critical gas holdup value at which transition from homogeneous to 
heterogeneous flow was observed increased with decreasing open area. Zahradnik et al. 
(1997) pointed out that this discrepancy was attributed to the assumption made by Shnip et 
al. (1992) that decreasing open area ratio means a reduction in the hole diameter at constant 
number of holes rather than a reduction in the number of holes at constant hole diameter. 
Shnip et al. (1992) insisted that decreasing the number of holes tended to produce non­
uniform flow leading to the decrease in the stability of the homogeneous flow regime. 
Zahradnik and Kastanek (1979) demonstrated that open area had no effect on gas holdup 
in the heterogeneous flow regime, and this phenomenon was not influenced by bubble 
column diameter. Similar phenomenon was observed by Zahradnik et al. (1997). They 
believed that in fully developed heterogeneous flow, the character of the gas flow was 
primarily determined by the bulk liquid circulation, with little effect of primary gas 
dispersion. Camarasa et al. (1999) also reported that the effect of gas distributor was 
insignificant at high superficial gas velocities because the bubble size tended to reach a 
common value which was determined only by coalescence, breakup, and bulk liquid 
circulation. 
The effect of gas distributor is also dependent on the liquid properties. Kuncova and 
Zahradnik (1995) demonstrated that in moderately viscous liquids, the gas distributor had 
little effect on gas holdup. 
2.1.2.3 Influence of Liquid Height (H) on Gas Holdup 
In general, gas holdup is not uniform along the bubble column height. Wilkinson et al. 
(1992) claimed that the three gas holdup regions exist: (i) at the top of column, where gas 
holdup is always high resulting from the foam structure; (ii) near the sparger, where gas 
holdup is lower for a single-nozzle sparger and higher for a porous plate sparger when 
compared to that of bulk liquid; and (iii) the bulk region. However, when the column is tall 
enough (H > 1-3 m or height to diameter ratios > 5), the influence of the foam region at the 
column top and near the sparger region on overall gas holdup was negligible (Wilkinson et 
al., 1992; Zahradnik et al.,1997; Veera and Joshi, 1999). 
Zahradnik et al. (1997) found a significant increase in gas holdup with decreasing column 
aspect ratio (liquid height-to-diameter ratio) for various plates generating homogeneous flow, 
which indicates that it is preferable to generate homogeneous flow in short bubble columns. 
Veera and Joshi (1999) showed that the effect of aspect ratio on gas holdup was influenced 
by aeration hole number, where a multipoint sparger led to a decrease in gas holdup with 
increasing aspect ratio and a single sparger led to the reverse effect. 
2.1.2.4 Influence of Liquid Properties on Gas Holdup 
Liquid viscosity. Zahradnik et al. (1997) showed that gas holdup decreased with 
increasing liquid viscosity. The negative effect of viscosity on gas holdup can be attributed to 
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the promotion of bubble coalescence and the suppression of bubble breakup, leading to the 
formation of large bubbles with a large rise velocity. Kuncova and Zahradnik (1995) found 
that the gas holdup exhibits a maximum value followed by a sustained decrease in gas holdup 
with increasing viscosity when plotted as a function of liquid viscosity. Similar observations 
were made by Eissa and Schugerl (1975) and Zahradnik et al. (1987). Eissa and Schugerl 
(1975) attributed the maximum gas holdup to the hindered bubble motion in low viscosity 
liquids, and enhanced bubble coalescence in high viscosity liquids. 
Surface tension: Surface tension forces oppose bubble deformation and breakup (Walter 
and Blanch, 1986), which play an important role in bubble size and the resulting gas holdup. 
A low surface tension leads to a more stable gas-liquid interface and a smaller bubble size, 
resulting in a higher gas holdup (Kluytmans et al., 2001). Numerous studies varied liquid 
surface tension by adding surfactants. Zahradnik et al. (1997) added various surfactants and 
salts to distilled water and observed that the presence of surface active compounds 
consistently increased gas holdup. The effect of different surface active compounds had no 
difference for pure heterogeneous flow, but differed when three flow regimes (homogeneous, 
transitional, and heterogeneous) were observed. They also showed that surface active agents 
were more influential in the homogeneous and transitional flow regime. The increase in gas 
holdup with surfactant addition was also observed by Krishna et al. (2000) and Kluytmans et 
al. (2001). However, Krishna et al. (2000) observed that the influence of surfactant addition 
was more significant in the heterogeneous flow regime. 
Zahradnik et al. (1999) used aliphatic alcohols to modify the gas flow behavior in viscous 
liquids. The results showed that gas holdup increased with increasing surfactant 
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concentrations, and when surfactant concentration was beyond a specified value, bubble 
coalescence was completely suppressed in viscous liquids and gas holdup was independent of 
the additional surfactant addition. The effect of surfactants was also more pronounced as 
liquid viscosity increased. 
2.1.3 Flow Regimes 
From the gas holdup review, the effects of parameters such as bubble column diameter, 
aspect ratio, and gas distributor on gas holdup are different in various flow regimes. 
Therefore, it is important to know the characteristics of the various flow regimes, the range 
of parameters over which a particular flow regime prevails, and the effects of factors on flow 
regime transition. 
2.1.3.1 Macroscopic Flow Structure 
Tzeng et al. (1993) studied macroscopic flow structures of gas-liquid and gas-liquid-solid 
fluidization systems through visualization using a two-dimensional semi-batch bubble 
column. It was observed that a gross circulation occurred at high gas velocities, which was 
interpreted based on two simplified flow conditions involving a single bubble rising in a 
stationary liquid and a single bubble chain injected in a batch liquid. In general, gross liquid 
circulation was initiated by bubble lateral migration. When gross circulation occurred, four 
flow regions were identified: (i) descending flow, (ii) vortical flow, (iii) fast bubble flow, and 
(iv) central plume, as shown in Figure 2.3. 
Chen et al. (1994) studied macroscopic flow structures in 3-D gas-liquid and gas-liquid-
solid semi-batch bubble columns using particle image velocimetry. The bubble column 
diameter in this study was 10.2 cm. Three flow regimes were identified and are schematically 
represented in Figure 2.4. The dispersed bubble flow regime was observed at low superficial 
gas velocities and was characterized by negligible bubble coalescence, liquid transport by 
bubble-driven motion in the vicinity of ascending bubble streams, and liquid recirculated 
between the rising bubble streams. As the superficial gas velocity was increased, the vortical-
spiral flow regime was observed, where bubbles may coalesce and liquid was carried upward 
by the rising spiral motion of the central bubble stream and flowed downward in the same 
spiral manner between the central bubble stream and column wall. At high superficial gas 
velocities, the turbulent regime was identified, where the central bubble stream was a spiral 
flow pattern and the liquid flow pattern was more chaotic and dynamic than that in the 
vortical-spiral flow regime. They further identified four flow regions (descending flow, 
vortical-spiral flow, fast bubble flow, and central plume) in the vortical-spiral flow regime 
where the gross circulation patterns occur (see Figure 2.5). 
Reese and Fan (1994) employed two different gas distributors (porous plate and 
perforated plate) to investigate the hydrodynamic behavior in the entrance region of a 
cylindrical bubble column. In the dispersed bubble regime, the liquid phase was more 
turbulent in the entrance region than the flow occurring in the bulk region. The average liquid 
velocity and the flow in the entrance and bulk regions consisted of a single circulation cell in 
the axial direction, with the liquid ascending in the center of the column and descending 
along the column wall. The strength of this circulation decreased as the flow developed 
throughout the entrance region and into the bulk region. In the coalesced bubble region 
(including vortical-spiral and turbulent flow), the flow development was observed to be 
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faster and the entrance effects were found to diminish. Flow conditions in the bulk and the 
entrance regions were found to be independent of distributor design in the coalesced bubble 
region. 
2.1.3.2 The Drift Flux Model 
The drift flux model is a separated-flow model in which attention is focused on the 
relative motion rather than on the motion of the individual phases (Wallis, 1969). The drift 
flux model is widely used in flow regime identification for gas-liquid two phase flow because 
it is applicable to various flow patterns over a wide range of gas holdups (Zuber and Findlay, 
Zuber and Findlay (1965) presented an exhaustive derivation of the drift flux model. The 
model is usually presented in the form 
where C0 is a distribution parameter which depends on the gas holdup profile and reflects the 
gas holdup uniformity, Ug is the superficial gas velocity, Ui is the superficial liquid velocity, 
V0j is the weighted mean drift velocity. For fully established flow with a constant profile, C0 
is constant and ranges from 1.0 for a uniform gas holdup profile to 1.5 for a parabolic gas 
holdup profile. The simplest expression for this drift velocity is to assume each bubble moves 
independently and is not affected by the presence of other bubbles. The average drift velocity 
of the gas is given by the following expressions (Zuber and Findlay, 1965): 
1965). 
(21) 
(2.2) 
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for slug flow regime and 
\ 0.25 
(23) 
for churn-turbulent flow. V0J- is independent of gas holdup and is assumed to be equal to the 
terminal velocity of a rising bubble in an infinite medium. However, when a bubble is 
affected by the presence of other bubbles, V0j depends on gas holdup, and is given by 
where k is a measure of the bubble interference and u«>, the terminal rise velocity of a single 
bubble in an infinite medium; this value depends on the bubble size. 
The Zuber and Findlay drift flux model is widely used when discussing two-phase and 
three-phase flow. However, Clark et al. (1990) warned that it should be used with caution 
when applied to low velocity bubble flows or large diameter pipes, where C0 was not 
constant and varied with gas holdup. They attributed this to the fact that under the conditions 
of low velocity flows or large diameter pipes, buoyancy played a significant role. In this case, 
C0 had a high value and varied with column diameter, gas holdup, fluid properties, and 
bubble rise velocity. Therefore, under these situations, the drift flux model should be 
modified. Recently, Hibiki and Ishii (2003) verified that the distribution parameter and drift 
velocity increased for large diameter pipes at low velocity compared to those of smaller 
diameter pipes. 
Extensive studies have been completed using the drift flux model for two-phase flow 
where the liquid velocity is nonzero. However, limited citations are available using the drift 
flux model when the superficial liquid velocity is zero, which appears in semi-batch bubble 
Voj =u=o(l-s)k (2.4) 
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columns. Kataoka et al. (1987) pointed out that either the distribution parameter or drift 
velocity must be larger in semi-batch systems to get good agreement between the drift flux 
correlations and gas holdup data. They applied a two-region model, where a channel was 
divided into the inner region of cocurrent upflow and the outer region of single-phase liquid 
downflow. In doing so, the distribution parameters in semi-batch systems were larger than 
those when the liquid velocity was nonzero and high, and the drift velocities were almost the 
same for both liquid velocity conditions. 
2.1.3.3 Flow Regime Identification 
Flow regime identification is an important topic that has attracted various investigators. 
Flow regimes have been determined by interpretation of the gas holdup evolution, drift flux 
analysis, and pressure fluctuation analysis. 
One way of determining flow regimes is by interpreting the behavior of gas holdup with 
superficial gas velocity (Figure 2.2). In the homogeneous flow regime, gas holdup increases 
almost linearly with increasing superficial gas velocity (Krishna et al., 1993; Krishna and 
Ellenberger, 1996). When the superficial gas velocity is further increased, the increase is no 
longer linear and the transition flow regime occurs. In the transition flow regime, gas holdup 
reaches a local maximum value (with an appropriate gas distributor) and then decreases with 
superficial gas velocity to a local minimum value, indicating the onset of the heterogeneous 
flow regime. In the heterogeneous flow regime, gas holdup increases slightly with superficial 
gas velocity. 
The drift flux analysis of Wallis (1969) has been recommended to identify flow regimes 
(Vial et al., 2000). In a semi-batch bubble column, the drift flux, jg is defined as 
j, = U,(l - s) (2.5) 
A plot of jg vs. s reveals the flow regime transitions, and a change in the slope of the jg vs. e 
indicates a change in flow pattern, as shown in Figure 2.6a. 
The Zuber and Findlay drift flux model (Eq. (2.1)) is also used to distinguish the the 
various flow regimes by plotting -Hi. as a function of Ug (Zahradnik et al., 1997; Vial et al., 
s 
2000; Camarasa et al., 2001), as shown in Figure 2.6b. This model has also been successfully 
used to demarcate flow regimes in gas-liquid-solid systems (Gandhi et al., 1999). 
Krishna et al. (1999a) combined the Wallis plot, i.e., drift flux, Ug(l-s) vs s, and the 
Richardson and Zaki (1954) formula, i.e., jg = u»E (1-s)2, which is valid for the homogeneous 
regime, to determine the regime transition point. They proposed that the point of deviation of 
the experimental values from the Richardson-Zaki curve indicated the regime transition 
point. 
Sarrafi et al. (1999) adopted the conception of slip velocity (Us) and drift flux (jg) and 
extracted an experimental relationship to determine the flow regime transition. They found 
that flow regime transition always occurred when the difference in slip velocity and drift flux 
(U„ -jg) was a minimum value. 
Recently, pressure fluctuation analysis was used by Vial et al. (2000), Camarasa et al. 
(1999), and Lin et al. (2001) to identify flow regimes. Vial et al. (2000) applied statistical 
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analysis, spectral analysis, fractal analysis, and chaos analysis to the varying pressure signals, 
and concluded that statistical analysis was not superior to the drift flux model analysis, and 
spectral analysis could identify a particular regime but could not precisely determine flow 
regime transition. Fractal and chaos analysis was shown to accurately identify regime limits. 
2.1.3.4 Factors Affecting Flow Regime 
The formation and stability of bubble column flow regimes, 
depend on the gas flow rate, the kind of gas distributor, bubble 
liquid physical properties. 
2.1.3.4.1 Influence of Gas Distributors 
The gas distributor has a significant effect on the gas flow pattern in a semi-batch bubble 
column. Ruzicka et al. (2001a) used two perforated plate gas distributors and generated two 
different of flow patterns: (i) a plate with small closely spaced holes, which generated 
homogeneous, transitional, and heterogeneous flow; and (ii) a plate with large holes, which 
generated pure heterogeneous flow. Zahradnik et al. (1997) showed that the open area ratio 
had an effect on flow regime transition and an increase in open area ratio tended to stabilize 
the homogeneous flow regime. They also reported that when the hole diameter was large (do 
> 1 mm), no homogeneous flow was generated and heterogeneous flow existed at all 
superficial gas velocities. 
and their associated limits 
column geometry, and the 
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2.1.3.4.2 Influence of Bubble Column Diameter 
Zahradnik et al. (1997) reported that increasing the bubble column diameter tended to 
destabilize homogeneous flow. This phenomenon was caused by an increase in the liquid 
circulation with increasing column diameter. This observation was verified by Ruzicka et al. 
(2001b) using semi-batch bubble columns with diameters of 14 cm, 29 cm, and 40 cm. 
Zahradnik et al. (1997) demonstrated that the effect of bubble column diameter depended on 
aeration plate hole diameter. When the hole diameter was greater than 1 mm, no effect of 
bubble column diameter was observed, and only heterogeneous flow existed over the entire 
range of superficial gas velocities in their study with bubble column diameters of 14 cm and 
29 cm. 
2.1.3.4.3 Influence of Liquid Properties 
Liquid properties such as viscosity and surface tension have an effect on flow regime 
transition. A higher viscosity promotes bubble coalescence and suppresses bubble breakup, 
which promotes flow regime transition. Kuncova and Zahradnik (1995) and Zahradnik et al. 
(1997) reported that a high viscosity liquid had an unfavorable effect on the formation of 
homogeneous flow. When the viscosity was greater than 8 mPa s, no homogeneous flow was 
observed and the flow was pure heterogeneous. 
Reducing surface tension forces stabilize the gas-liquid interface so that coalescence is 
suppressed, which promotes homogeneous flow at high superficial gas velocities. Zahradnik 
et al. (1999) demonstrated that the addition of a surfactant to a viscous liquid outweighed the 
negative effect of the high viscosity on the formation and stability of the homogeneous flow 
regime. Krishna et al. (2000) also showed that the addition of alcohol delayed the flow 
regime transition, which was attributed to the suppression of bubble coalescence. 
2.2 Gas-Liquid-Solid Bubble Columns 
When a solid is added to a gas-liquid bubble column, additional complications result; 
these observations will now be discussed. 
2.2.1 Gas Holdup 
2.2.1.1 Effect of Solid Mass Fraction and Size 
Gas holdup behavior in gas-liquid-solid (GLS) bubble columns, in which the solid 
material is spherical or irregular like glass beads, sand, or coal particles, has been extensively 
studied by various investigators (Kara et al., 1982; Kelkar et al., 1984; Koide et al., 1984; 
Banisi et al., 1995b; De Swart et al., 1996; Krishna et al., 1997; Li and Prakash, 1997; 
Gandhi et al., 1999). These studies show that the presence of a solid particle in a bubble 
column decreased gas holdup from that observed in simple gas-liquid (GL) systems. Kara et 
al. (1982) and Gandhi et al. (1999) found that the gas holdup decreased with increasing solid 
concentration, but the effect was less significant at higher solid concentrations. Koide et al. 
(1984) reported that the effect of solid concentration on gas holdup was larger in the 
transition flow regime. 
De Swart and Krishna (1995) studied the effect of solid mass fraction on gas holdup in a 
50-mm diameter bubble column using 40-/mi diameter glass beads, and showed that 
increasing the solid mass fraction resulted in a pronounced decrease in the total gas holdup. 
They identified the mixure portion comprised primarily of large bubbles as dilute; the effect 
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of solid mass fraction on this phase was negligible. Hence, the dense gas phase, which was 
comprised of small bubbles, suffered a significant decrease in gas holdup due to enhanced 
small bubble coalescence. 
Krishna et al. (1997) used a dynamic gas disengagement method to study the effect of 
solid volume fraction on gas holdup in the dense phase (small bubbles) and dilute phase 
(large bubbles) of a semi-batch bubble column. The results agreed with those of De Swart 
and Krishna (1995) that the dense phase gas holdup decreased with increasing solid volume 
fraction, especially when the solid volume fraction was low. The dilute phase gas holdup was 
independent of solid volume fraction when the solid volume fraction was greater than 16%. 
Similar phenomena have been observed by Li and Prakash (1997). These observations 
indicated that the decrease in total gas holdup with increasing solid volume fraction resulted 
from the decrease in the dense phase gas holdup because solid addition reduced the small 
bubble population. 
Li and Prakash (1997), Zahradnik et al. (1997), and Gandhi et al. (1999) attributed the 
decrease in gas holdup with increasing solid mass fraction to fine particles enhancing the 
bubble coalescence rate and/or reducing the bubble breakup rate because the apparent 
suspension viscosity was higher than that of a similar GL system. Banisi et al. (1995b) also 
proposed two mechanisms for the decrease in gas holdup with solid addition: (i) an increase 
in the rise bubble velocity due to wake stabilization, leading to a decreased residence time 
and gas holdup, and (ii) a change in the radial gas holdup and flow profiles from nearly flat 
to parabolic with upward flow near the center and downward flow near the wall, reducing the 
average gas holdup. 
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Particle size is another factor concerned in gas-liquid-solid bubble columns. Kara et al. 
(1982) and Kelkar et al. (1984) stated that increasing particle size tended to reduce gas 
holdup at low gas velocities. Kara et al. (1982) reported that the effect of particle size was 
less significant for larger solid particles. 
2.2.1.2 Effect of Solid Surface Wettability 
It is well known that the presence of particles affects the hydrodynamics of slurry bubble 
columns through the apparent viscosity. However, Chen and Fan (1989), Jamialahmadi and 
Muller-Steinhagen (1991), Banisi et al. (1995a), and Van der Zon et al. (2002) investigated 
slurry bubble columns using hydrophilic and hydrophobic particles, and found that gas 
holdup for hydrophobic particles was lower than that of hydrophilic particles. This difference 
was not attributed to the apparent viscosity. An alternative explanation may be that 
hydrophobic particles enhanced bubble coalescence (Racz et al., 1996; Wang et al., 1999; 
Kluytmans et al., 2001). Van der Zon et al. (2002) explained that hydrophobic particles 
promoted bubble coalescence by enhancing film rupture or increased the critical film 
thickness when two bubbles approach. In contrast, wettable particles tend to repel the gas 
interface, acting as a buffer between two adjacent gas bubbles and result in a decrease in 
bubble-bubble interaction and reduced bubble coalescence. Kluytmans et al. (2001) and Chen 
and Fan (1989) also showed that hydrophobic particles suppress bubble breakup. 
2.2.2 Flow Regimes 
Tzeng et al. (1993) pointed out that the macroscopic flow structure of gas-liquid-solid 
systems could be represented by that of gas-liquid systems, although the vortex size and 
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descending velocities in three phase systems deviated from those of a GL system under 
similar operating conditions, which was due to the change in the rheological properties of the 
slurries when the solid particles were present. 
The Zuber and Findlay drift flux model (Eq. (2.1)) has been successfully applied to 
demarcate flow regime transitions in gas-liquid-solid systems (Gandhi et al., 1999). Douek et 
al. (1997) extended the Zuber and Findlay drift flux model to three-phase flow. The model 
includes phase interaction terms which appear in the drift velocity correlation, and was given 
It was found that the use of a single representative bubble drift velocity was not suitable for 
describing gas phase hydrodynamics. Also, the gas drift velocity did not vary with increasing 
solid concentration, but was strongly affected by gas holdup due to bubble coalescence. 
2.3 Gas-Liquid-Fiber Bubble Columns 
by 
(2.6) 
Unlike conventional solids used in gas-liquid-solid slurry systems, which are typically 
rigid and spherical or slightly irregular, fibers are flexible and have a large aspect ratio, 
which leads to the unique complex rheology of fiber slurries. 
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2.3.1 Fiber Suspension Characteristics 
2.3.1.1 Fiber-Fiber Interaction 
Fiber-fiber interaction plays an important role in the characteristics of fiber suspensions 
(i.e., flocculation, yield stress, suspension viscosity, etc.), which is a function of the fiber 
mass fraction, fiber aspect ratio, and, to some extent, fiber type. In very dilute suspensions, 
little interaction between fibers is observed and individual fibers are free to flip, translate, 
and bend in simple shear flows. When fiber concentration increases, the fiber-fiber collision 
frequency increases, resulting in fibers flipping more frequently (Sundararajakumar and 
Koch, 1997). Further increasing fiber concentration leads to continuous fiber-fiber contact, 
and the relative fiber motion is suppressed, eventually immobilizing the fiber suspension. 
This is called flocculation (Kerekes and Schell, 1992). 
Based on the fiber-fiber interaction conditions, Soszynski (1987) classified a fiber 
suspension into three different regimes: dilute, semi-concentrated, and concentrated. 
Correspondingly, the fiber contact was classified into three types: occasional collision, forced 
collision, and continuous collision. In terms of the number of fiber contacts, Kerekes and 
Schell (1992) used a crowding factor, N, which is a dimensionless number describing the 
number of fibers in a spherical volume of diameter equal to the fiber length, to demarcate the 
suspension regimes. The crowding factor is a function of fiber concentration (either mass 
fraction or volume fraction) and fiber aspect ratio, and is defined as 
(2.7) 
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where Cv is the fiber volume fraction, C is the fiber mass fraction, L is the fiber length, and co 
is the fiber coarseness. As indicated by Kerekes and Schell (1992), the terms in the 
approximate expression have specific units; they are C (%), L (m), and co (kg/m). When N < 
1, the fiber regime is dilute; 1 < N < 60, it is semi-concentrated; and N > 60 corresponds to 
concentrated. 
Another parameter to describe fiber suspensions, including information related to the 
fiber mass fraction and fiber dimensions, NfL2d, has also been used, where Nf is the number 
of fibers per unit volume, L is the fiber length, and d is the fiber diameter (Sundararaj akumar 
and Koch, 1997; Chaouche and Koch, 2001). In this case, when NfL2d « 1, a dilute or semi-
dilute regime is defined; when NfL2d ~ 1, a semi-concentrated regime is defined; and when 
NfL2d > 1, a concentrated regime is defined. 
Hydrodynamic interaction and mechanical contact are two modes that control fiber-fiber 
behavior. Which one of these two modes plays a more important role is related to the fiber 
suspension regime, which has a significant impact on fiber suspension rheological 
characteristics. The relative importance of hydrodynamic interaction and mechanical contacts 
has been studied by Sundararaj akumar and Koch (1997). They confirmed that hydrodynamic 
interaction was more important in controlling fiber motion in dilute or semi-dilute fiber 
suspensions (NfL2d « 1), but in semi-concentrated and concentrated fiber suspensions 
(NfL2d ^ 1), mechanical contact was the main factor that determined fiber suspension 
structure. In dilute or semi-dilute fiber suspensions, fibers rotate occasionally, and spend 
most of their time aligned along the flow direction. In this case, the fiber contribution to the 
suspension rheology was small, and the rheological characteristics of the suspension were 
identical to the suspending medium. In semi-concentrated and concentrated fiber 
suspensions, mechanical contacts increase fiber-fiber interaction, which increased the 
frequency of fiber flipping and the orientation distribution. However, Petrich et al. (2000) 
insisted that the contacts first enhance flipping due to collision, as Sundararaj akumar and 
Koch (1997) simulations indicated, but then decrease flipping when fiber concentration was 
further increased. When mechanical contacts dominate, the fiber contribution to the 
rheological characteristics of the suspension became very important. Sundararaj akumar and 
Koch (1997) found that the increase in suspension viscosity with fiber concentration was 
enhanced when NfL2d >1. Chaouche and Koch (2001) proposed that in the concentrated 
regime, mechanical contacts gave rise to shear thinning flow below a certain shear rate. They 
interpreted this phenomenon to the formation and breakage of fiber floes due to the 
competition between the hydrodynamic and colloidal forces. Also, in the concentrated 
regime, coherent fiber networks were formed due to fiber-fiber interaction; as a result, a yield 
stress at low shear stress must be overcome before fiber floes are dispersed (Bennington et 
al., 1990). 
2.3.1.2 Flocculation 
Fibers form networks when each fiber is in contact with other fibers. Fiber distribution 
within the network is never uniform, giving local mass concentration variations. Regions in 
which the local mass density is higher than the network average are called floes. Flocculation 
is the term used to describe both the state of unevenness of fiber network, as well as the 
process by which all fiber networks form (Kerekes et al., 1985). 
Mason (1950) proposed that flocculation is a dynamic equilibrium process, with fibers 
continuously entering and leaving floes, both rates being equal at steady state. Flocculation 
can occur through various mechanisms, such as colliodal forces like London-van der waals 
and electrostatic, mechanical forces like friction and cohesion, or a combination of forces. In 
fiber suspensions, flocculation is primarily due to mechanical entanglement (i.e., friction or 
cohesion) (Mason, 1950). Fiber mass (volume) fraction, fiber aspect ratio (the ratio of fiber 
length to diameter), fiber flexibility, and fiber fractional force have a close relationship to floe 
formation, size, and strength. 
Kerekes and Schell (1992) emphasized the importance of fiber contact number in 
flocculation and believed that inter-fiber contact was the key requirement in fiber 
flocculation, and the formation of coherent fiber floes required a minimum number of fiber-
fiber contacts. They characterized this requirement by the crowding factor (N). When N < 1, 
fiber-fiber contact only happens occasionally, and fibers are free to move; when 1 < N < 150, 
floes may appear in the suspension and fiber mobility decreases. The effectiveness of the 
crowding factor to describe fiber flocculation behavior has been verified by experiments 
(Kerekes and Schell, 1992). However, the crowding factor is merely an indicator of the 
number of inter-fiber contacts, and only reflects the effects of fiber concentration and fiber 
aspect ratio, which led Kerekes (1996) to point out that the critical crowding factor was only 
a necessary condition for floe formation, not a sufficient one. Other factors like fiber shape, 
flexibility, and friction force also have an impact on fiber flocculation behavior. 
Schmid et al. (2000) believed that fiber flocculation is not only affected by fiber volume 
fraction and aspect ratio, but it is also affected by fiber properties and inter-fiber friction. 
Using a particle-level simulation and neglecting hydrodynamic forces, they studied the effect 
of the fiber friction coefficient, stiffness, shape, and concentration on fiber flocculation. 
Friction force played an important role in fiber flocculation. Friction induced mechanical 
interlocking and prevented sliding between contacting fibers. Increasing the friction 
coefficient increased the fiber retention by the floes. Friction also enhanced fiber deformation 
in shear flow, which assisted fiber flocculation. Soszynski and Kerekes (1988a; 1988b) also 
proposed that flocculation was caused by interfiber contact forces. 
Chaouche and Koch (2001) suggested that adhesive mechanical forces existed between 
the fibers and they were the source of fiber flocculation. When shear stress is not high 
enough to overcome the adhesive forces, fibers adhere to each other and form floes. The 
adhesive force is independent of the suspending medium viscosity, but is a function of the 
particle wettability in the liquid medium. Experimental results showed that the adhesive force 
of Nylon fiber in 15%/85% glycerin/water by volume is about 20 times larger than in silicone 
oil, and the authors attributed this phenomenon to the hydrophobicity of Nylon fiber. Thus, 
fiber surface characteristics also have an effect on fiber flocculation. 
Fiber stiffness is also an important factor in the formation and persistence of floes. 
Schmid et al. (2000) argued that decreasing fiber stiffness led to the reduction in the inter-
particle force magnitudes and elastic energy storage; both factors encourage floe breakup and 
dispersion under shear flow. Switzer and Klingenberg (2004) confirmed this result and 
showed that a suspension of fibers that is too flexible would not flocculate under shear flow. 
They suggested that stiffness has an impact and tends to increase the normal force between 
contacting fibers, which increases the strength of the friction force. This mechanism was 
observed by Soszynski and Kerekes (1988a); Nylon fiber floes readily dispersed when the 
fiber stiffness was reduced by heating them above the glass transition temperature of Nylon. 
Switzer and Klingenberg (2004) used an effective stiffness (Scff = El/juyL4) to describe the 
effect of fiber flexibility on flocculation, where E is Young's modulus, ju, is the liquid 
dynamic viscosity, y is shear rate, and L is fiber length. They determined that flocculation 
was encouraged when the effective stiffness was large. This conclusion was true when the 
effective stiffness was varied by varying E, which varied the inter-fiber force, and (i, which 
varied the viscous force and allowed the fiber to follow the fluid motion and assisted fiber 
dispersion. However, when Seff is reduced by increasing fiber length, flocculation should be 
difficult; on the contrary, fiber flocculation is enhanced because the number of fiber-fiber 
contacts is increased. 
Schmid et al. (2000) and Switzer and Klingenberg (2004) claimed that the fiber 
equilibrium shape significantly impacts the rheology of the fiber suspension. An irregular 
fiber shape increases fiber-fiber interactions and faster aggregation of the fiber suspension. 
They also simulated the effect of fiber concentration (NfL3) and determined that fiber 
concentration had an effect on fiber flocculation behavior, and the critical concentration was 
related to fiber equilibrium shape; a deformed fiber was more likely to flocculation than a 
straight fiber. 
Beghello and Eklund (1999) studied the effect of the chemical environment on fiber 
flocculation. They disclosed that electrolytes and pH have an insignificant effect on fiber 
flocculation. Although electrolytes added to the fiber system changed the fiber surface 
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chemistry, leading to repulsive forces in the fiber network, they were not strong enough to 
break coherent floes under turbulent and dynamic conditions. 
Kerekes et al. (1985) pointed out the presence of air also affects fiber flocculation. As gas 
holdup increases, the nature of fiber flocculation changes from that of mass concentrations of 
fiber in water to that of water-fiber aggregates surrounded by gas voids. Fiber networks will 
rupture at their weak points, i.e. water-fiber floes surrounded by gas voids. They reasoned 
that floes should disperse in a large volume of gas flow. 
2.3.1.3 Yield Stress 
Yield stress is an important characteristic to fiber suspension rheology. It results from 
fiber-fiber interaction. When stress generated by a suspension falls below the suspension 
yield stress, the fiber suspension acts as an elastic solid, and above the yield stress, it behaves 
as a liquid. Suspension yield stress may produce a significant effect on gas flow behavior in a 
fiber suspension, assist fiber floes in trapping bubbles, and produce channeling phenomenon 
at high fiber mass fractions. Fiber concentration, aspect ratio, length distribution, stiffness, 
friction coefficient, and type have an impact on the suspension yield stress. 
Kerekes et al. (1985) reviewed the literature about network strength and summarized a 
simple empirical equation to predict yield stress in fiber suspensions 
T, = aC" (2.8) 
where C is the fiber mass fraction, and a and b are constants that depend on fiber type and 
range 1.18-24.5 and 1.26 -3.02, respectively. 
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Bennington et al. (1990) extended Eq. (2.8) by considering the effects of elastic modulus 
and aspect ratio, and expressed the yield stress as 
T, = kEr=C/ (2.9) 
where k is a constant, E is Young's modulus, r is the fiber aspect ratio, and Cv is the fiber 
volume fraction. They assumed that network strength is proportional to the frictional force. 
In the expression, yield stress is proportional to elasticity modulus; this was supported by the 
findings of Thalen and Wahren (1964) for synthetic fiber suspensions. However, this relation 
is not always valid. The experimental results of Bennington et al. (1990) showed that fiber 
suspension network strength did not vary linearly with the elasticity modulus. They attributed 
the lack of agreement to more complex surface interactions than that accounted for in the 
model. Wikstrom et al. (1998) attributed this deviation to the omittion of the effect of the 
fiber length distribution. They found that fiber length distribution had a greater influence on 
the network strength than the mean fiber length. Switzer and Klingenberg (2004) attributed 
the inconsistency to the fact that besides fiber modulus, the fiber shape, the type and amount 
of additives also have an effect on yield stress. 
The network strength of non-flocculated fiber suspensions, in which the fiber network is 
evenly distributed and no floes are observed, was studied by Andersson et al. (1999) who 
emphasized the effect of the fiber-fiber friction force. A new model for yield stress was 
proposed as a product of the number of contact points per unit shearing surface (Nss) and the 
average friction force per contact point. Effects of both fiber length distribution and fiber 
volume fraction are reflected in Nss, and Nss is roughly proportional to Cv2. The frictional 
force comprises two parts: (i) the part when the normal force is zero and (ii) the part related 
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to the normal force that results from fiber bending. The fiber with a higher elasticity modulus 
would produce a larger normal force, resulting in a larger friction force. The advantage of 
this model is that it accounts for the effect of fiber length distribution. The shortcoming of 
this model is that it is only applicable to non-flocculated suspensions. Measurements in 
flocculated suspensions showed that the network strength was much lower compared to non-
flocculated suspensions. 
The yield stress should be modified when gas flows through a fiber suspension. 
Bennington et al. (1995) studied the yield stress in fiber suspensions including a gas phase 
and incorporated gas volume fraction into the yield stress correlation. According to 
Bennington et al. (1990), the influence of fiber aspect ratio is not significant for fiber 
suspensions, thus the yield stress correlation did not include the aspect ratio term and was 
only a function of fiber mass fraction (C) and volumetric gas fraction (s), which was 
expressed as: 
ty =aCb(l-e)c (2.10) 
The coefficients a, b, and c depend on fiber type. However, this model was not appropriate 
for synthetic fibers. Bennington et al. (1995) experimentally determined that yield stress in 
Nylon fiber suspensions was dependent on fiber aspect ratio to the power 1.5. 
2.3.1.4 Suspension Viscosity 
Suspension microstructure is very important to the effective fiber suspension viscosity. 
Hydrodynamic interaction and mechanical contacts control fiber-fiber interaction. 
Sundararajakumar and Koch (1997) showed that in dilute or semi-dilute fiber suspensions, in 
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which hydrodynamic interaction dominated, the presence of fiber contributed little, and the 
suspension viscosity was close to that of the suspending medium. In semi-concentrated and 
concentrated fiber suspensions, in which mechanical contact was the main factor that 
determined the fiber suspension structure, the suspension viscosity dramatically changed and 
it increased non-linearly with the term NfL3. They attributed the suspension behavior to 
mechanical contact. In dilute or semi-dilute fiber suspensions, fibers rotate occasionally, and 
spend most of their time aligned along the flow direction; thus, the fiber influence on the 
suspension viscosity was small. When the fiber concentration was high, mechanical contacts 
increased fiber-fiber interaction, which increased the frequency of fiber rotation and 
produced a broad fiber orientation distribution. A wide fiber orientation distribution led to an 
increased shear viscosity, which was enhanced further by the transmission of stress by 
mechanical contacts, and the shear viscosity showed an abrupt increase with increasing fiber 
concentration for NfL2d >1. 
The experimental results of Petrich et al. (2000) showed that although shear stress 
increased considerably with fiber concentration, the fiber orientation distribution broadened 
and then became more uniform, approaching the dilute value at high fiber concentrations, 
which indicated that the contribution of fiber orientation to shear viscosity was small. They 
attributed the increase in shear viscosity with increasing fiber concentration to the 
transmission of stress due to the presence of fiber-fiber contacts. 
Fiber flexibility also has an effect on viscosity. Fibers, particularly some synthetic and 
natural fibers, are far from rigid straight rods like glass fibers. Simulations using flexible 
fiber have shown good agreement with experimental results (Schmid et al., 2000). Fibers 
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may be flexible and tend to deform in the flow direction, which can significantly influence 
the rheological characteristics of the fiber suspension. Joung et al. (2001) reviewed the effect 
of fiber flexibility on fiber suspension apparent viscosity. Only accounting for hydrodynamic 
interaction, their simulation showed that the viscosity of semi-concentrated flexible fiber 
suspensions was 7-10% greater than the equivalent rigid fiber suspension, and the viscosity 
was inversely dependent on the fiber stiffness. 
Fiber flexibility depends on fiber aspect ratio, and it is more important when the fiber 
aspect ratio is large or Young's modulus is low. Forgas and Mason (1959) gave the critical 
shear stress beyond which fibers bend: 
(2,., 
where |_i is the fluid viscosity, y is the shear rate, E is Young's modulus, and r is the fiber 
aspect ratio. When the fiber has a large aspect ratio, or Young's modulus is low, the fiber 
deforms under a relatively small shear stress. 
Fiber shape also has an effect on the fiber suspension viscosity. A recent study on this 
relationship was conducted by Joung et al. (2002). They numerically studied the effect of 
curvature and suggested that small deformities in the fiber generated a large increase in the 
suspension viscosity. The greatest effect occurred when the curvature was between 5 and 10 
degrees. They explained that curved fiber tends to misalign to the flow direction. The more 
curved a fiber, the larger the fiber profile in the flow direction, resulting in an increased 
viscosity compared to straight fiber suspensions. Yet this could not explain the finding that 
viscosity decreased beyond a curvature of around 10 degrees. This numerical result has yet to 
be observed experimentally. 
2.3.2 Gas Holdup 
2.3.2.1 Effect of Fiber Mass Fraction 
Gas holdup behavior in natural fiber suspensions has been investigated by several 
investigators. Walmsley (1992) used two and three dimensional semi-batch bubble columns 
and fiber suspensions derived from bleached kraft pine (BKP), bleach kraft eucalyptus 
(BKE), and recycled yellow paper (RYP). It was recorded that in BKP and BKE, gas holdup 
increased above that of an air-water system when the fiber mass fraction (C) was low; when 
C > 0.6%, gas holdup decreased with increasing fiber mass fraction. However, no gas holdup 
enhancement was observed in RYP, instead, gas holdup monotonically decreased with 
increasing fiber mass fraction. Gas holdup was not significantly affected by further fiber 
addition when C > 2%. Went et al. (1993) observed that in a semi-batch bubble column, gas 
holdup decreased with increasing fiber mass fraction, and when C > 1%, the effect of fiber 
mass fraction leveled off; this was attributed to fibers agglomerating in a large mat near the 
bottom of the column, lowering the effective fiber mass fraction in the upper column region. 
Lindsay et al. (1995) showed that in a semi-batch bubble column, gas holdup was lower in 
fiber systems with fiber mass fractions of 1% and 2% than in an air-water system because gas 
channeling resulted in a lower gas residency time. Reese et al. (1996) recorded a consistent 
gas holdup decrease with increasing fiber mass fractions from 0.1 to 1%. They also observed 
that the fiber distributed uniformly in the axial direction when the fiber mass fraction was 
low; however, fiber tended to build up at the bottom of the column when the fiber mass 
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fraction was high. A decrease in gas holdup caused by fiber addition was also observed by 
Janse et al. (1999), and they pointed out the effect of fiber addition was more pronounced at 
higher superficial gas velocities. 
Gas holdup in a cocurrent fiber slurry bubble column has also been studied. Using 
unprinted old newspaper (ONP), Lindsay et al. (1995) observed that in a cocurrent bubble 
column, the gas holdup was greater than that of an air-water system when C = 1%. Extending 
this study, Schulz and Heindel (2000) recorded that at low liquid flow rates, gas holdup 
decreased with increasing fiber mass fraction; at high liquid flow rates, the presence of fibers 
increased the gas holdup above that of a similar gas-liquid system, and a maximum gas 
holdup was reached at C = 0.8%. Recently, Xie et al. (2003) used kraft softwood cellulose 
fiber and applied gamma-ray densitometry to measure gas holdup, and showed that gas 
holdup reached a maximum value at C = 1% for most of the liquid flow rates in their study. 
It has been widely accepted that gas holdup decreases with increasing fiber mass fraction 
because fiber addition increases the apparent viscosity of the fiber suspension, which 
enhances bubble coalescence. Fibers also tend to trap bubbles and hinder bubble rise, 
resulting in enhanced bubble coalescence (Walmsley, 1992; Went et al., 1993; Lindsay et al., 
1995; Reese et al., 1996; Janse et al., 1999). 
2.3.3 Flow Regimes 
Heindel (2000) observed that gas flow regimes in a fiber suspension changed from 
vortical to heterogeneous (also called churn-turbulent) as the fiber mass fraction increased 
from 0.5% to 5%. Two new flow regimes were identified at higher fiber mass fractions: 
surge churn-turbulent flow where churn-turbulent flow existed as surges because of large 
bubbles trapped in the fiber suspension, and discrete channel flow, where individual air 
channels form at the highest fiber mass fraction. 
Reese et al. (1996) observed flow regimes in fiber suspensions over a range of fiber mass 
fractions from 0.1% to 1.0% in a 10.2 cm diameter semi-batch bubble column. Two flow 
regimes were observed: the dispersed bubble regime and the coalesced bubble regime. These 
observations agreed with those of Chen et al. (1994). According to the observation of Chen et 
al. (1994), the coalesced bubble regime was further divided into vortical-spiral flow and 
turbulent flow. It was observed that at lower fiber mass fractions (0.1% and 0.25%), there 
were three flow patterns: dispersed flow, vortical-spiral flow, and turbulent flow. At higher 
fiber mass fractions (C > 0.5%), no vortical-spiral flow was observed, and flow transitioned 
directly from dispersed flow to turbulent flow. 
In a 5.08-cm diameter cocurrent slurry bubble column, Xie et al. (2003) explored various 
flow regimes for fiber mass fractions up to 1.5% by using visual observation, flash X-ray 
radiography and gamma-ray densitometry. Five flow regimes were visually identified in the 
small diameter bubble column: dispersed bubbly, layered bubbly, plug, churn-turbulent, and 
slug. Flow regime transitions were sensitive to fiber mass fraction, and increasing the fiber 
mass fractions tended to increase the superficial gas velocity at which flow regime transition 
occurred. These phenomena were attributed to the fact that fiber addition retarded bubble 
coalescence in the cocurrent system. Additionally, flow regime maps were constructed for 
different fiber mass fractions using phasic superficial velocities as coordinates. 
2.3.4 Bubble Behavior in Fiber Suspensions 
Pelton and Piette (1992) studied air bubble behavior in quiescent cellulose fiber 
suspensions. They found that individual bubble holdup in the fiber bed was mainly due to 
mechanical entrapment of bubbles in the fiber network (Figure 2.7). Bubbles escaped when 
the buoyant force was strong enough to disrupt the fiber network. The higher the fiber mass 
fraction, the larger the required bubble diameter to escape from the fiber network. 
Walmsley (1992) concluded that fibers act as barriers to upward bubble motion. When 
floes exist in the fiber suspension, rising bubbles become trapped beneath the floes or rise 
between floes in regions of low fiber concentration. Bubbles are more likely to become 
trapped in the fiber network at high fiber mass fraction, and remain there until additional 
bubbles coalesce with the trapped bubble until a critical bubble size is reached, which 
provides a sufficient buoyant force to break through the fiber network. As the large bubbles 
escape from the network, they create a channel through which small bubbles pass; this 
phenomenon is called channeling. 
Ajersch and Pelton (1999) extended the work of Pelton and Piette (1992) and studied the 
migration of air bubbles in flowing and quiescent cellulose fiber suspensions. They reported 
that small bubbles on the order of 10-50 /mi in diameter are small enough to penetrate inside 
fiber floes without disrupting the floe's fiber network. Larger bubbles may penetrate inside 
fiber floes but do so by disrupting the floes. When the bubble buoyant force was not strong 
enough to overcome the floe yield stress, the bubble becomes trapped in or under the floe. 
They insisted that mechanical entrapment in the floes was the main mechanism for bubble 
holdup, and bubble-fiber adhesion can be neglected for most wetted cellulose fiber 
suspensions. Trapped bubbles in agitated fiber suspensions was less significant than in 
quiescence cellulose fiber suspensions because of the presence of shear forces, which 
disperse the transient fiber floes and/or detached trapped bubbles from coherent fiber floes. 
They also gave four mechanisms of bubble escape from floes in agitated fiber suspensions: 
(i) small bubble escape by slipping through the void space between individual fibers, (ii) 
bubble escape by fiber network disruption, (iii) bubble release through floe deformation, 
stretching, breaking, and fragmentation under turbulent flow conditions, and (iv) bubble 
detachment is shear forces acting at the bubble-floc interface which was due to the relative 
velocity gradients between the floe and the surrounding fluid medium in the presence of 
large-scale turbulence. These mechanisms are schematically represented in Figure 2.8. 
Reese et al. (1996) found that in fiber suspensions, bubbles became flatter compared to a 
pure water system and bubbles tended to be flatter at the bottom of the column. The flatter 
the bubble, the lower the bubble rise velocity. Flatter bubbles were also more likely to 
interact with each other, which led to an increased probability of bubble coalescence. 
Heindel (1999) measured bubble size using flash X-ray radiography in a quiescent fiber 
suspension with fiber mass fractions of 0.1%, 0.5%, and 1.0%. The results showed that 
bubbles became larger and less dispersed, and followed preferential rise paths with 
increasing fiber mass fractions. Using the same measurement method, Heindel (2002) studied 
bubble size in a cocurrent fiber slurry and reported that bubbles can be categorized as either 
small (dB < 10 mm) or large (dB > 10 mm). Small bubble diameter distributions were 
characterized by log-normal distributions. It was also found that the large bubble size and 
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population increased with increasing bubble column height, superficial velocity, and fiber 
mass fraction. However, fiber addition hindered small bubble coalescence in the cocurrent 
flow. In a semi-batch bubble column, Heindel (2000) observed that the number of small 
bubbles decreased and large bubbles increased with increasing fiber mass fraction. Bubbles 
rose upward in a serpentine flow pattern at low fiber mass fractions and this changed to a 
near vertical path at high fiber mass fractions. 
Heindel and Omberg (2001) studied the effect of Rayon fiber lengths on bubble size in C 
= 1% fiber suspensions and found that at this fiber mass fraction, the effect of fiber length on 
bubble size was negligible. However, the limited data from this study can not be extended to 
low fiber mass fraction systems, where the effect of fiber length may be significant. 
2.4 Bubble Behavior 
Bubble size and distribution play an important role in gas flow hydrodynamics in bubble 
columns. They govern overall gas holdup, gas holdup distribution, interfacial area, and the 
resulting transport rate. Bubble behavior in bubble columns also has a close relationship to 
the resulting gas flow regimes. 
2.4.1 Bubble Coalescence and Breakup 
Bubble coalescence and breakup are basic processes that take place in bubble columns. 
They are important because they not only govern the bubble size distribution, but also 
directly affect interfacial mass transfer through bubble surface renewal. 
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It is well accepted that bubble coalescence occurs in three steps: (i) two bubbles collide, 
trapping a small amount of liquid between them; (ii) the liquid drains as the bubbles move 
closer together; and (iii) the liquid film between the two bubbles rupture after it is reduced to 
a critical thickness, resulting in bubble coalescence (Otake et al., 1977). 
Crabtree and Bridgwat (1971) studied the manner in which bubbles draw together and 
demonstrated that the bubble wake plays an important role, through which following bubbles 
were accelerated in the wake of leading bubbles. The following bubble may catch the leading 
bubble, resulting in the possibility of bubble coalescence. The role of the wake was clearly 
shown from the fact that one leading bubble was caught by a following bubble with the same 
volume. Colella et al. (1999) also proposed that bubble-bubble interaction was caused by 
bubble wake effects, and bubble shape had an effect on both bubble coalescence and 
breakup. Prince and Blanch (1990) pointed out that bubble collision also arises due to other 
mechanisms such as turbulence, buoyancy, and the presence of liquid temperature and/or 
concentration gradients. They also stated that bubble coalescence resulting from bubble-
bubble collision was determined by the contact time of the coalescing bubble, which should 
be longer than the time needed to drain the liquid film between the two bubbles. 
Prince and Blanch (1990) insisted that bubble breakup occured through bubble 
interactions with turbulent eddies. Bubble breakup took place when eddies were equal to or 
marginally smaller than the bubble size. Larger turbulent eddies resulted in bubble transport 
without causing breakup, and smaller eddies did not contain sufficient energy to affect 
breakup. Therefore, any factor that affects turbulent intensity and bubble size will have an 
effect on bubble breakup. 
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Tsuchiya et al. (1996) provided five mechanisms through visual analysis that contribute 
to large cap bubble breakup: (i) inherent instability of the cap itself, (ii) bubble attachment to 
the cap bubble base resulting in the indentation on the underside of the bubble and initiating 
bubble breakup, (iii) impact of an intermediate bubble on the cap bubble base through the 
bubble wake action, (iv) "lifting" enhancement of the cap bubble by the wakes of two 
adjacent bubbles, and (v) suction of part of the top of the cap bubble into the wake of an 
intermediate bubble. 
2.4.2 Effect of Superficial Gas Velocity 
Prince and Blanch (1990) showed that both bubble coalescence and breakup rate 
increased with increasing superficial gas velocity; the resultant bubble size was determined 
by the competition of these two processes. The tendency to increase the bubble breakup rate 
with increasing superficial gas velocity was also identified by Colella et al. (1999). Otake et 
al. (1977) showed that bubble breakup occurred more readily rather than bubble coalescence 
as superficial gas velocity increased. 
2.4.3 Effect of Liquid Properties 
Otake et al. (1977) believed that liquid properties influence bubble coalescence and 
breakup through affecting bubble wake volume and vortex shedding from the rising bubble. 
In a viscous liquid, the bubble wake tends to be stable, which provides enough time for a 
second bubble to approach and the liquid film to drain. This process favors bubble 
coalescence. In an inviscid liquid, the bubble wake is small and unstable, thus, the probability 
of bubble coalescence is reduced, and instead, bubble breakup is more favorable. Schafer et 
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al. (2002) reported that increasing the liquid viscosity reduced the liquid phase turbulence 
and bubble collision frequency. As a result, both bubble breakup and coalescence were 
suppressed. 
Walter and Blanch (1986) studied bubble breakup mechanisms in a turbulent flow field 
and found that bubble breakup was caused by fluctuating turbulent eddies and breakup 
occurred through bubble elongation. Both liquid viscosity and surface tension increased the 
resistance to bubble elongation, thus decreasing the bubble breakup frequency and increasing 
the maximum stable bubble size. 
Prince and Blanch (1990) studied the effect of electrolyte solutions on bubble 
coalescence and found that the addition of NaCl and Na^SC^ tended to reduce bubble 
coalescence. They attributed this to the fact that NaCl and Na2SÛ4 decreased the surface 
tension. 
2.4.4 Bubble Formation in Perforated Plates 
Miyahara et al. (1983a) and Miyahara and Hayashino (1995) studied the bubble size 
generated from perforated plates in water and a non-Newtonian liquid, respectively. In both 
liquids, the bubble size distribution followed a log-normal distribution. However, the 
standard deviation of the bubble diameter was approximately 1 mm in water and 1.5 mm in 
the non-Newtonian liquid, indicating that more uniform bubbles are generated in water and 
bubble coalescence was favored in the non-Newtonian liquid. 
Miyahara et al. (1983a) reported that the aeration plate hole spacing had an effect on the 
resulting bubble size. The effect was not significant for small hole spacing, but bubble size 
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tended to decrease when the ratio of the hole pitch to hole diameter was greater than 8. They 
attributed this phenomenon to the coalescence of adjacent bubbles when the hole spacing was 
small. Visual observations supported their conclusion. 
Titomanlio et al. (1976) concluded that the gas chamber volume affects the bubble size 
formed through a perforated plate. However, Kumar et al. (1976) suggested that bubble size 
was independent of the gas chamber volume. Miyahara et al. (1983a) reported that if the gas 
chamber volume had an effect on bubble size, it depends on the number of holes in the 
perforated plate. When the number of the holes was fewer than 17, the bubble size increased 
with increasing gas chamber volume, but the effect of the gas chamber volume disappeared 
when the number of holes was greater than 17. 
2.5 Gas Holdup Models 
Various gas holdup correlations and models are found in the literature. They may be 
classified into two broad categories, empirical ones which are based on experimental data 
(Akita and Yoshida, 1973; Gestrich and Rahse, 1975; Hikita et al., 1980; Sotelo et al., 1994; 
Jordan and Schumpe, 2001) and those having a theoretical or semi-theoretical basis, e.g., the 
correlations based on the slip velocity concept (Inga and Morsi, 1999; Sarrafi et al., 1999; 
Ruzicka et al., 2001a). A large scatter is obtained by using these correlations. Possible 
reasons for the scatter include the range of operating conditions and applicability, reactor 
geometry (size of the reactor and gas distribution plate), and liquid properties. Also, the 
presence of trace impurities may change the coalescing behavior of the liquid (Krishna et al., 
1999a). 
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For some operating conditions, under which no maximum gas holdup is observed, the gas 
holdup is expressed by 
s = kUg (2.12) 
where k is constant and the exponent n depends on the flow regime. For homogeneous flow, 
n varies from 0.7 to 1.2, and for the heterogeneous flow, n varies from 0.4-0.7 (Shah et al., 
1982). 
In the homogeneous flow regime, the slip velocity concept is used to predict gas holdup 
(Shah and Deckwer, 1983; Zahradnik et al., 1997). The slip velocity Us is defined for semi-
batch flow to be 
Us = — (2.13) 
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Under homogeneous flow conditions, Us is assumed to be independent of Ug and it is only a 
function of the terminal bubble rise velocity U» and gas holdup, and is represented by 
U, =U.ç(s) (2.14) 
In general, the slip velocity is smaller than the terminal bubble rise velocity due to the 
hindrance effect by neighboring bubbles; this effect increases with an increase in gas holdup 
(Shnip et al., 1992). Several functional forms of (p(e) are available in the literature and are 
summarized by many researchers (Shah et al., 1982; Zahradnik et al., 1997; Sarrafi et al., 
1999); they are generally expressed as 
cp(B) = (l-sr (2.15) 
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In the heterogeneous flow regime, the drift flux analysis has been recommended by many 
investigators to estimate gas holdup (Saxena et al., 1991; Thorat et al., 1998; Zahradnik et al., 
1999) due to its simplicity. 
According to different features of various flow regimes (homogeneous, transitional, and 
heterogeneous), Ruzicka et al. (2001a) developed a gas holdup model for each flow regime in 
a semi-batch bubble column. Homogeneous flow was characterized by a finite amount of 
liquid that was carried along with the rising bubbles, and then recirculated which caused a 
hindrance to bubble rise. The recirculating liquid velocity was calculated by assuming the net 
liquid flux was zero. Thus, the actual bubble rise velocity (i.e., the slip velocity in a stagnant 
liquid) was obtained by 
vg = U» - v (2.16) 
Where vg is the actual gas velocity (or mean bubble slip velocity with zero net liquid flux), 
U» is the terminal bubble rise velocity, and v is the liquid velocity given by 
V=F&) (2'17) 
where a is the bubble drift coefficient, representing the ratio of liquid volume carried by the 
bubble to the bubble volume (i.e., the strength of the coupling between the gas and 
liquid phases) and accounts for information about the liquid velocity field, boundaries, 
bubble arrangement, and interactions. Both a and U% were extracted from experiment data by 
Ruzicka et al. (2001a). Combining Eqs. (2.16), (2.17), and Ug = vgs and linearizing, a bubble 
slip velocity was obtained: 
IT 
v ,=-^  = U. -aU.  (— (2 18) 
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In the heterogeneous flow regime, Ruzicka et al. (2001a) believed that the bubble drove 
upward liquid movement, which enhanced bubble rise velocity, and liquid velocity was 
nearly proportional to the superficial gas velocity (i.e., v = C0 Ug). Thus, the slip velocity was 
given by 
v, = U. + C.U, (2.19) 
Equation (2.19) has the same form as that of the Zuber and Findlay drift flux model. They 
also considered the slip velocity model in the transitional flow regime based on the fact that 
both homogeneous and heterogeneous flow regimes coexist in the column. The model of 
Ruzicka et al. (2001a) agreed well with other models. 
2.6 Literature Survey Summary 
Gas holdup and flow regime are influenced by bubble column diameter, gas distributor 
plate design, and liquid properties in gas-liquid systems. In general, larger bubble column 
diameters tend to reduce gas holdup and enhance flow regime transition. Increasing hole 
diameter in a perforated plate gas distributor leads to a decrease in gas holdup and promotes 
flow regime transition. In a certain range, aeration plate open area enhances gas holdup and 
delays flow regime transition. Both increase in liquid surface tension and viscosity promotes 
bubble coalescence and suppresses bubble breakup, leading to a reduction in gas holdup and 
enhancement of flow regime transition. Thus, any operation that changes the liquid properties 
affects gas holdup and flow regime transition. 
The addition of solid particles to air-liquid systems results in a decreases in gas holdup 
due to an increase in effective viscosity. The addition of a fibrous solid increases the 
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effective slurry viscosity, but even more so, leads to a very complex suspension rheology. 
Flocculation and yield stress occur in fiber suspensions, which have significant effects on 
bubble behavior and gas holdup. Fiber type, mass fraction, length, flexibility, and fiber shape 
control fiber suspension rheology, which influences gas holdup behavior and flow regimes in 
fiber suspensions. 
Therefore, it is important to examine the factors influencing gas holdup and flow regime 
in gas-liquid systems and the influence fiber addition has on those factors. The available 
literature on bubble coalescence and breakup and bubble behavior in fiber suspensions, as 
well as fiber suspension characteristics, provide insight into how gas holdup and flow regime 
may be influenced by fiber addition. 
The drift flux model has been successfully applied to both gas-liquid and gas-liquid-solid 
systems. It is worth examining its application to gas-liquid-fiber systems and determining if it 
can be extended and/or modified to describe gas holdup in these complex systems. 
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(a) Homogeneous regime (b) Heterogeneous regime 
Figure 2.1 : Schematic of features in the homogeneous (a) and heterogeneous (b) regimes. 
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Figure 2.2: Schematic of the gas holdup behavior in the homogeneous, transitional, and 
heterogeneous flow regimes and the pure heterogeneous flow regime. 
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Figure 2.3: Four flow regions observed by Tzeng et al. (1993) in a two-dimensional bubble 
column. 
Dispersed bubble regime Vortical-spiral flow regime Turbulent flow regime 
Figure 2.4: Flow regimes in a 3-D bubble column and gas-liquid-solid fluidization system 
(Chen et al., 1994). 
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Figure 2.5: Flow patterns observed by Chen et al. (1994) in a three-dimensional bubble 
column. 
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Figure 2.6: Demarcation of regime transitions with the drift flux models (air-water system); 
(a) Wallis (1969) drift flux plot, (b) Zuber-Findlay drift flux model (both figures 
are from Vial et al., 2000). 
Figure 2.7 : Illustration of bubbles physically trapped in a fiber network (Pelton and Piette, 
1992). 
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Figure 2.8: Mechanisms by which bubble escape from fiber floes. Escape mechanisms (1) 
and (2) may occur in both quiescent and flowing fiber suspensions, while 
escape mechanisms (3) and (4) only occur in flowing fiber suspensions (Aiersch 
and Pelton, 1999). 
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CHAPTER 3: EXPERIMENTAL METHODS 
This chapter provides a detailed description of experimental set up, experimental 
conditions, and procedures used for recording gas holdup. 
3.1 Experiment Equipment 
The bubble column experimental facility used in this study is schematically and 
pictorially represented in Figure 3.1. The bubble column consists of four 1-m sections of 
15.24 cm ID cast acrylic, yielding a total column height of 4 m. Gas is injected at the base of 
the column through one of three stainless steel perforated plates. A gas plenum is located 
below the aeration plate and filled with glass beads to promote uniform gas distribution into 
the test facility. Three mass flow meters are used to measure the gas flow rate to encompass a 
low, medium, and high gas flow rate range. Three pressure transducers are installed along the 
column, one located at the column base, one at H = 1 m, and one at H = 2 m, where H is the 
column height from the aeration plate. The mass flow meters and pressure transducers are 
interfaced to a data acquisition system. Average gas flow rate and pressures are recorded 
from 4000 individual readings sampled at a frequency of 200 Hz. 
Three perforated aeration plates with different open areas (A = 0.57%, 0.99%, and 
2.14%), and shown in Figure 3.2, are used to introduce gas into the bubble column. The 
active plate area with a diameter equal to the column diameter (D = 15.24 cm) was used in 
calculating the open area ratio A. For each plate, 1-mm diameter holes are uniformly 
distributed over the entire plate, and the change in open area is produced by changing the 
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number of holes. The hole pattern is such that all holes are approximately equidistant from 
adjacent holes. This is accomplished using a MATLAB program that equated the radial hole 
pitch with the azimuthal hole pitch. Additional design criteria included open areas as close as 
possible to 0.5%, 1%, and 2% and aeration holes spanning the column diameter. Hence, the 
change in open area is produced by changing the number of uniformly distributed holes. 
3.2 Experimental Conditions 
The gas-liquid-fiber system used in this study is composed of air, water, and fiber. 
Synthetic fibers are used in this study and their types and nominal fiber lengths are shown in 
Table 3.1. Nylon powder with a diameter between 105 and 180 microns is also used to 
compare the results of Nylon fibers. For each type of fiber, various fiber mass fractions (0 <, 
C < 1.8%) and superficial gas velocities (Ug <18 cm/s) are investigated. The superficial 
liquid velocity in this study is held constant at zero. 
Table 3.1: Fiber types used in the gas-liquid-fiber bubble column. 
Solid type 
Fiber length 
(mm) 
Fiber (particle) 
diameter (jitm) 
Aspect ratio 
(-) 
Specific 
gravity (-) 
Rayon fiber 
0.38 20.6 18.4 1.5 
1 20.6 48.5 1.5 
3 20.6 145 1.5 
6 20.6 290 1.5 
12 20.6 580 1.5 
Nylon fiber 
2 27 74 1.14 
3 27 110 1.14 
6 27 220 1.14 
Nylon Powder NA 105-180 NA 1.14 
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3.3 Data Acquisition 
A data acquisition system, based on Lab VIEW data acquisition software, is used to 
collect the data from the gas flow meters and pressure transducers. The gas holdup (s) is 
determined in the upper column section (1 < H < 2 m), where it is assumed bubble behavior 
is not influenced by the distributor region (near the column base). The gas holdup is 
calculated from the column pressure drop. It is assumed that fiber is uniformly distributed in 
bubble column and air density is negligible. Also, in a semi-batch system, the fractional 
pressure drop is negligible. Thus, the total pressure drop corresponds to the hydrostatic head; 
in this case, 
. -1  -g -  (3-D 
where AP is the difference between the average local pressure at any two pressure 
transducers with Ug > 0, and AP0 is the corresponding average value with Ug = 0. For the GL 
system, AP0 equals the liquid hydrostatic head; for the GLF system, AP0 corresponds to the 
fiber slurry hydrostatic head. 
Experiments are performed at specified fiber mass fractions (C), where the actual fiber 
mass added to the system is determined from 
Mf = CM, (3.2) 
The total mass of the fiber-water mixture Mt is determined from Mt= pefrV, where pcff is the 
effective slurry density determined from 
= — + (3.3) 
Peff Pf Pw 
and the moisture-free Rayon and Nylon fiber density is pf = 1500 kg/m3 and 1140 kg/m3, 
respectively, and V is the volume of the fiber-water mixture. 
Before an experiment is initiated, the dry fiber mass calculated from Eq. (3.2) is soaked 
in tap water for 2-3 days, and during this period, the fiber is washed with fresh water for 2-3 
times to remove any residual contaminants and additives absorbed on the fiber surface. The 
soaked and washed fiber is then added to a small container of water and mixed at low speed 
using an electronic mixer equipped with a propeller blade. The resulting mixture is then 
added to the bubble column which is partially filled with water. Additional water is added to 
fill the column to a height of 2.13 m (14 column diameters). All experiments are initiated 
with this slurry volume. The column is then operated at a high gas flow rate for 
approximately 35 minutes to ensure the slurry was well mixed throughout the column. The 
gas flow rate is then reduced to the lowest value of interest to begin data collection and then 
incremented sequentially for additional data points. Note that data are collected 
approximately 15 minutes after each gas flow rate adjustment. The gas used in all 
experiments is filtered compressed air. 
Although fiber settling did occur with no air injection, the mixing caused by air injection 
is generally sufficient to maintain a well mixed system when C ^ 0.4%. At higher fiber mass 
fractions, some bulk fiber settling is observed, but only at the lowest superficial gas 
velocities, and once the air injection produces sufficient mixing, the fiber slurry is uniformly 
dispersed throughout the bubble column. 
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The percent uncertainty in the superficial gas velocity measurements is estimated to be 
±2-4% of the reading, and the absolute uncertainty in the gas holdup is estimated to be As = 
±0.006-0.008. 
3.4 Additional Data 
Additional data obtained by other researchers in our group are also used in this study. Gas 
holdup in cellulose (softwood, hardwood, BCTMP (bleached Chemithermomechanical Pulp) 
fiber suspensions was determined by Ann Stardt through a Professional Women in Science 
and Engineering (PWSE) internship. Relevant characteristics of the cellulose fiber are 
provided in Table 3.2. 
Data of cellulose fiber suspensions are also used in the following analysis that were acquired 
in a 32.1 cm semi-batch bubble column. A detailed assessment of these data was provided by 
Hoi (2005). 
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Table 3.2: Cellulose fiber properties. 
^^\Fiber type 
Properties Hardwood Softwood 
BCTMP (Bleached 
Chemithermomechanical 
Pulp) 
Wood species Eucalyptus 
65-75% Northern 
Black Spruce, 20-
25% Jackpine, 5-
10% Balsam Fir 
Softwood (northern 
pine) 
Length - PAFL (mm) 0.69 1.2 0.8 
Length - LWAFL 
(mm) 0.78 2.31 1.91 
Coarseness (mg/100m) 6.9 13.08 29.5 
Number of fibers per 
gram (millions) 21.4 6.37 4.25 
PAFL - particle average fiber length 
LWAFL - length weighted average fiber length 
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Figure 3.1: Experimental bubble column. 
Figure 3.2: Aeration plates used in this study; (a) A = 0.57%, (b) A = 0.99%, and (c) A = 
2.14%. 
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CHAPTER 4: RESULTS AND DISCUSSION 
This Chapter is divided into five parts. The first section investigates the effects of 
superficial gas velocity, fiber mass fraction, and fiber length on gas holdup and flow regime 
transition by employing Rayon fiber with fiber lengths of 3, 6, and 12 mm and a single 
aeration plate with A = 0.57%. The effects of aeration plate on gas holdup and flow regime 
transitions are studied in the second section by using three open area ratios (A = 0.57%, 
0.99%, and 2.14%) and three Rayon fiber lengths (3, 6, and 12 mm). The third section studies 
the effect of Nylon fiber on gas holdup with fiber lengths of 2, 3, and 6 mm and an aeration 
plate with A = 0.57%. The fourth section discusses the effect of fiber addition with short 
Rayon fiber (L = 0.38 and 1 mm), and thus small aspect ratio fiber, to approximate Rayon 
particle systems. The last section studies the effect of bubble column diameter on gas holdup 
in cellulose fiber (softwood and BCTMP) suspensions. 
4.1 Gas Holdup in Rayon Fiber Suspensions 
This study employs Rayon fibers as the solid phase to examine the effects of fiber mass 
fraction and length on gas holdup and flow regime transition in a 15.24 cm semi-batch GLF 
bubble column. The results and discussion are based on the aeration plate with A = 0.57%. 
Data are presented for three different Rayon fiber lengths (3, 6, and 12 mm), over a range of 
superficial gas velocities (Ug <. 18 cm/s), and a range of fiber mass fractions (0 <, C ^ 1.8%). 
Results from this study have been presented in Su and Heindel (2003). 
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4.1.1 Gas Holdup 
4.1.1.1 Air-Water 
Baseline gas holdup measurements were completed in a fiber-free (air-water) system. As 
shown in Figure 4.1, a pronounced local maximum gas holdup is observed indicating the 
homogeneous, transitional, and heterogeneous flow regimes are observed over a range of gas 
velocity. When the superficial gas velocity is low, bubbles disperse uniformly in the bubble 
column and no bubble collisions occur. The bubble size is small and uniform, resulting in 
uniform bubble rise velocities; as a result, no bubble coalescence occurs. The gas holdup 
initially increases linearly with increasing superficial gas velocity. These are typical 
characteristics of the homogeneous regime. 
As the superficial gas velocity increases further, bubbles begin to move laterally and a 
serpentine flow pattern is observed. The bubbles also rise in groups but do not coalesce. This 
flow has been characterized as vortical flow (Tzeng et al., 1993; Chen et al., 1994; Heindel, 
2000). The serpentine flow pattern becomes more evident and bubbles begin to coalesce as 
the superficial gas velocity increases, indicating the onset of the transitional flow regime. Gas 
holdup continues to increase to a maximum value but becomes a nonlinear function of 
superficial gas velocity. 
As the superficial gas velocity increases further, a net decrease in gas holdup is recorded. 
Two competing effects influence this decrease: (i) bubble coalescence increases due to a 
wider range of bubble rise velocities, caused by a wider bubble size distribution with 
increasing superficial gas velocity (De Swart et al., 1996; Heindel, 2002), and (ii) bubble 
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breakup is enhanced because larger bubbles increase turbulence, leading to bubble breakup. 
The drop in gas holdup implies that bubble coalescence is dominant in this regime. With 
superficial gas velocity continuing to increase, gas holdup begins to increase after 
undergoing a local minimum value, which indicates the flow regime enters the heterogeneous 
flow regime, also called churn-turbulent flow. 
4.1.1.2 Effect of Fiber Mass Fraction 
When a low mass fraction of fiber (C < 0.4%) is added to the bubble column, the bubble 
column hydrodynamics are visually similar with those of C = 0%. As can be seen from 
Figure 4.1 for a fiber length of L = 3 mm, the gas holdup results for C < 0.4% follow similar 
trends to those of C = 0%, which implies that the flow regimes are equivalent (i.e., 
homogeneous, transition, and heterogeneous). For C = 0.10%, it is observed that all three 
fiber lengths disperse uniformly in the bubble column. At C = 0.25%, equi-size floes and a 
heterogeneous fiber distribution are observed throughout the column for the fiber lengths of 
L = 6 and 12 mm. Flocculation is observed for L = 3 mm fibers at C = 0.4%. These 
observations are similar to those of Went et al. (1993), Lindsay et al. (1995), and Reese et al. 
(1996) who recorded fiber flocculation at C « 0.3%. 
Fiber-fiber interaction changes between C = 0.4% and 0.6%. When the fiber fraction is 
greater than C = 0.6%, distinct fiber networks are formed. The homogeneous flow regime is 
not observed, even at very low superficial gas velocities, and the flow regime is categorized 
as heterogeneous for all superficial gas velocities; Ruzicka et al. (2001) classified this regime 
as pure heterogeneous flow. This trend was also observed by Went et al. (1993) who showed 
that a high cellulose fiber mass fraction led to a continuous heterogeneous regime. 
When C > 0.6%, the slurry phase recirculation is suppressed, this was also reported by 
Lindsay et al. (1995) and Heindel (2000,2002), and is attributed to a decreased level of 
turbulence resulting from an increased slurry viscosity. This change in slurry flow 
characteristics results in fiber settling when Ug < 0.9 cm/s, causing a locally higher fiber 
mass fraction in the lower column region than in the upper column region. The fiber mass 
fraction at which fiber settling is observed is influenced by fiber length and decreases with 
increasing fiber length. This fiber mass fraction is, respectively, C = 1.0, 0.8, and 0.6%, 
corresponding to L = 3, 6, and 12 mm. The locally high fiber mass fractions in the lower 
column region result in channel formation, which dissipates when the superficial gas velocity 
increases beyond a certain value when C < 1.0%, but exists through the entire range of 
superficial gas velocities when C > 1.4%. Channeling increases bubble coalescence and 
results in large bubbles even at low superficial gas velocities. 
It can be observed from Figure 4.1 that the gas holdup decreases with increasing fiber 
mass fraction. This trend has been observed by Went et al. (1993), Lindsay et al. (1995), and 
Janse et al. (1999) in GLF bubble columns. This decrease in gas holdup is characterized by a 
larger bubble size due to the increasing fiber mass fraction, which leads to faster bubble rise 
velocities and smaller bubble residence times. Increase in bubble size with the increasing 
fiber mass fraction has been observed by Reese et al. (1996) and Heindel (1999, 2002) in 
GLF systems. The larger bubble size can be ascribed to either an increase in the bubble 
coalescence rate during bubble formation and growth stages or a decrease in the bubble 
break-up rate (Gandhi, 1999). 
Prince and Blanch (1990) pointed out that bubble coalescence is the result of bubble 
collision, which is partially due to the difference in rise velocities of different size bubbles. 
The bubble collision rate and subsequent bubble coalescence can be enhanced by a wide 
range of bubble rise velocities resulting from a broad bubble size distribution. Broad bubble 
size distributions with increasing slurry concentrations have been confirmed by De Swart et 
al. (1996). Furthermore, in fibrous systems, the effect of fiber addition on bubble coalescence 
is also significant. Pelton and Piette (1992), Lindsay et al. (1995), and Heindel (1999, 2000) 
have observed that fibers tend to retard bubble ascension; small bubbles are trapped in the 
fiber network and coalesce with others to form larger bubbles, until the buoyant force is 
strong enough to break through the fiber network. Increasing the fiber mass fraction also 
results in higher yield stress of the fiber network (Bennington et al., 1995), implying a higher 
buoyant force is needed to disrupt the fiber network, which leads to a larger bubble size, and 
a drop in gas holdup. Lindsay et al. (1995) also reported that a high fiber mass fraction 
results in channeling which reduced the gas flow area, and thus increased the bubble rise 
velocity leading to enhanced bubble coalescence and formation of large bubbles. Finally, 
increasing the fiber mass fraction may also lead to a reduction in the bubble break-up rate. 
Bubble break-up is linked to bubble interaction with turbulent eddies that are of equivalent 
size to, or slightly smaller than, the bubble size (Prince and Blanch, 1990). For a given 
superficial gas velocity, the addition of fibers will suppress the turbulent intensity due to the 
increase in effective suspension viscosity. As a result, the turbulent eddies are small and 
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cannot provide enough energy to support bubble breakup, which leads to a significant 
decrease in the bubble break-up rate. Therefore, it can be summarized that the gas holdup 
decrease with increasing fiber mass fraction can be attributed to an increase in the bubble 
coalescence rate and/or a decrease in the bubble break-up rate. 
As shown in Figure 4.2, the rate of decrease in gas holdup with increasing fiber mass 
fraction depends on fiber mass fraction. This trend is more noticeable at intermediate 
superficial gas velocities (Ug = 5 and 10 cm/s). For L = 3 mm fiber, when C > 1.4%, no 
significant gas holdup decrease is observed. This phenomenon indicates that gas holdup is 
more sensitive at a relatively low fiber mass fraction than a relatively high mass fraction. The 
possible reason for the negligible influence at high fiber mass fraction on gas holdup is that 
although the nominal fiber mass fraction increases, the change in fiber mass fraction in the 
upper column region, where gas holdup is measured, is small, because of fiber settling and 
channeling at the high mass fraction. 
Figure 4.2 also shows that the influence of fiber mass fraction on the rate of gas holdup 
reduction depends on the superficial gas velocity. There is a significant drop in gas holdup 
with an increase in relatively low fiber mass fractions at intermediate superficial gas 
velocities (Ug = 5 and 10 cm/s), and just a slight decrease at both low and high superficial gas 
velocities (Ug = 1 and 15 cm/s). It can be observed from Figure 4.1 that Ug = 15 cm/s is 
clearly heterogeneous for all fiber mass fractions, and Ug = 5 and 10 cm/s are in or near the 
transition flow regime at low fiber mass fractions, suggesting this regime is more sensitive to 
fiber addition. 
4.1.1.3 Effect of Fiber Length 
Figure 4.3 displays gas holdup as a function of fiber mass fraction for three different 
superficial gas velocities for the three fiber lengths addressed in this section. At low fiber 
mass fraction, longer fiber produces a steeper drop in gas holdup with increasing mass 
fraction. When the fiber mass fraction is greater than a specified value (i.e., C = 0.8, 1.2, and 
1.4% corresponding to L = 12, 6, and 3 mm, respectively), gas holdup becomes nearly 
independent of fiber mass fraction. This trend may be influenced by the small change in 
actual fiber mass fraction in the upper column region, where gas holdup is measured, with 
increasing nominal fiber mass fraction because of fiber settling and channel formation in the 
lower column region. Different fiber lengths lead to different fiber mass fractions at which 
fiber begins to settle. Also, at a high fiber mass fraction, fibers tend to trap bubbles and retard 
bubble rise, both of which would increase gas holdup. This increase in gas holdup 
compensates for the decrease in gas holdup due to fiber addition. 
Figure 4.3 also shows that the fiber length effect on gas holdup is a function of fiber mass 
fraction. The fiber length effects are more pronounced at lower fiber mass fractions and this 
influence decreases with increasing fiber mass fraction. When C > 1.4%, fiber length has a 
negligible effect on gas holdup. 
4.1.2 Flow Regime Transition 
4.1.2.1 Flow Regime Identification 
The drift flux model proposed by Zuber and Findlay (1965) was used to determine the 
superficial gas velocity at which flow regime transition occurs. The Zuber-Findlay drift flux 
model has been assumed to be applicable in GL bubble columns. It has also been 
successfully applied to GLS systems by Gandhi et al. (1999). For a semi-batch bubble 
column, the drift flux model expressed in Eq. (2.1) is rewritten as: 
~f~=  C0Ug  + V0 j  (4.1) 
The drift flux model is applicable to heterogeneous flow conditions and has been used to 
identify the flow regime by plotting —- as a function of Ug (Zahradnik et al., 1997). Using 
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this method, two mass fractions (C = 0.25% and 0.6%), which represent two distinct flow 
characteristics, are selected to show how the analysis is completed (Figure 4.4). A similar 
analysis was completed for all other conditions. For C = 0.25%, the curve comprises four 
linear sections with different slopes. The first and last sections represent, respectively, the 
homogeneous and heterogeneous regime; because there is maximum gas holdup in the 
transitional flow regime, this regime is represented by two sections (the second and third 
sections). For C = 0.6%, the drift flux model fits the data well, indicating that only 
heterogeneous flow exists for all superficial gas velocities. This confirms that with increasing 
fiber mass fraction, the flow regime will undergo the change from three possible flow 
regimes (homogeneous, transition and heterogeneous) to pure heterogeneous flow. Figure 4.4 
also suggests that the Zuber-Findlay drift flux model is applicable to GLF systems. 
4.1.2.2 Effect of Fiber Mass Fraction and Length 
Figure 4.5 shows the effects of fiber mass fraction and length on the superficial gas 
velocity beyond which the transition flow regime is observed. It is clear the transitional 
superficial gas velocity decreases with increasing fiber mass fraction; the critical fiber mass 
fraction at which pure heterogeneous flow appears depends on fiber length, and is 
approximately 0.6%, 0.4% and 0.4% for L = 3, 6, and 12 mm, respectively. Figure 4.5 
confirms that fiber addition will destabilize the homogeneous regime, where a relatively low 
mass fraction restricts the homogeneous flow regime to a narrow range of superficial gas 
velocities, and a high fiber mass fraction will completely suppress homogeneous flow. Figure 
4.5 also shows that there is a slight decrease in the transitional superficial gas velocity with 
increasing fiber length; however, this difference depends on the fiber mass fraction. It is of 
interest to note that although the fiber length affects gas holdup, it has no significant effect on 
the observance of pure heterogeneous flow for long fibers (L = 6 and 12 mm); the critical 
fiber mass fraction at which pure heterogeneous flow is recorded is between 0.25% and 0.4% 
for both L = 6 and 12 mm. This suggests that for long fiber, the fiber mass fraction has more 
influence on bubble column hydrodynamics than fiber length, and the small effect of fiber 
length becomes negligible when C > 0.4%. 
4.1.3 Effect of Fiber Crowding Factor 
The combined effect of fiber mass fraction and length on fiber floes and network 
formation has been described in section 2.3.1.1 by a dimensionless number termed the 
crowding factor (N) (see Eq. (2.7)) (Kerekes and Schell, 1992). For Rayon fiber studied here, 
the fiber coarseness co = 5x10~7 kg/m. 
The crowding factor is a useful tool for describing fiber flocculation regimes (Kerekes 
and Schell, 1992). Fibers tend to flocculate as N increasing. Therefore, it is hypothesized that 
N can also be used to describe gas flow characteristics in a fiber slurry; as the crowding 
factor increases, gas holdup tends to decrease and gas flow is more heterogeneous. For a 
given fiber type, this hypothesis is applicable because, for N is only a function of fiber mass 
fraction (C). However, it is questionable when N is used for different fiber lengths. 
According to the hypothesis, the gas flow regimes for different fiber lengths should be 
equivalent at the same value of N; this, however, is not observed in our data. For example, 
when N = 72, the fiber mass fraction for L = 3 and 12 mm fibers is, respectively, 0.8% and 
0.05%. The flow regime of the former is pure heterogeneous, but the hydrodynamic behavior 
of the latter is similar to the air-water system throughout the range of superficial gas 
velocities. This phenomenon may be attributed to the different effects of fiber length and 
mass fraction on the crowding factor and on gas flow behavior. From Eq. (2.7), N is 
dependent on Lto the power 2 and C to the power 1, indicating fiber length has more 
influence on the crowding factor than mass fraction. The current study has demonstrated that 
gas flow behavior is more dependent on fiber mass fraction than on fiber length. Therefore, it 
can be concluded that although the crowding factor is a useful tool for describing fiber-fiber 
interaction, it is not appropriate to employ N to describe gas holdup behavior in fiber 
suspensions. 
4.2 Effect of Gas Distributor Open Area on Gas Holdup 
This study employed Rayon fibers as the solid phase to examine the effects of gas 
distributor open area ratio on gas holdup and flow regime transitions in a 15.24 cm, semi-
batch GLF bubble column. For these studies, the aeration plate open area ratios are A = 
0.57%, 0.99%, and 2.14%. Data are presented for three different Rayon fiber lengths (3, 6, 
and 12 mm) over a range of superficial gas velocities (Ug <, 18 cm/s) and a range of fiber 
mass fractions (0 < C < 1.8%). Results from this phase of the thesis have been presented in 
Su and Heindel ( 2005) 
4.2.1 Air-Water 
The effect of aeration plate open area on gas holdup in an air-water system is shown in 
Figure 4.6 (open symbols). At low and high gas flow rates, where the corresponding flow 
regime is homogeneous and heterogeneous, respectively, the open area ratio has a negligible 
effect on gas holdup. This phenomenon agrees with the observations of Zahradnik et al. 
(1997) and Zahradnik and Kastanek (1979) who observed that gas holdup began to deviate 
among different open area ratio plates after a maximum value was recorded and then 
converged in the heterogeneous flow regime. In the heterogeneous flow regime, gas holdup 
is determined primarily by bulk liquid circulation, and is hardly affected by bubble formation 
modes (Zahradnik et al., 1997), leading to little gas holdup difference among the three plates 
in this regime. At medium gas flow rates, where the gas flow is in the transitional regime, gas 
holdup behavior deviates among the three plates. Gas holdup increases with increasing open 
area ratio from A = 0.57% to 0.99%; this agrees well with the results of Zahradnik et al. 
(1997), Ohki and Inou (1970), Tsuchiya and Nakanishi (1992), and Zahradnik and Kastanek 
(1979) in which A has a favorable effect on gas holdup. Note, however, that all of these 
studies were based on A < 1%. When A is further increased to 2.14%, the gas holdup 
decreases dramatically. In the transitional flow regime for both A = 0.57% and 0.99%, gas 
holdup increases with increasing superficial gas velocity until a maximum gas holdup is 
reached, and then gas holdup decreases with increasing superficial gas velocity to a minimum 
value which indicates the end of the transitional flow regime. For A = 2.14%, no maximum 
gas holdup is observed, and the gas holdup continuously increases with superficial gas 
velocity. 
Combining the observations in this study and Zahradnik et al. (1997), Ohki and Inoue 
(1970), Tsuchiya and Nakanishi (1992), and Zahradnik and Kastanek (1979), we can 
conclude that the favorable effect of plate open area on gas holdup is valid only within a 
certain range (A ^ 1%); when open area is beyond this range, gas holdup decreases. The 
following will provide possible explanations of the latter phenomenon. 
For a given superficial gas velocity, the gas velocity through the aeration holes is reduced 
with increasing open area when the number of holes is increased with a constant hole 
diameter, leading to smaller bubble sizes (Miyahara et al., 1983b), lower bubble rise 
velocities, a lower degree of liquid circulation, and more bubbles, all of which result in a 
higher gas holdup and a delay in the flow regime transition. This causes gas holdup to be 
higher when A - 0.99% than when A = 0.57%. However, further increasing open area 
beyond a critical value by increasing the number of holes with a constant hole diameter 
enhances bubble coalescence near the aeration plate due to a reduced hole spacing; this leads 
to a reduction in gas holdup. Solanki et al. (1992) proposed that coalescence of adjacent 
bubbles formed at closely spaced holes may occur and depends on three time factors: (i) time 
of bubble formation (tf), (ii) time required for a bubble to grow to a diameter equal to the 
hole separation distance to begin bubble-bubble interaction (tj), and (iii) time to drain the 
liquid film between bubbles to a critical thickness for rupture (ts). For tf > tj + ts, coalescence 
occurs. Smaller hole spacing leads to a smaller bubble size required for the occurrence of 
interaction with adjacent bubbles. Thus, provided the bubble growth rate is constant, smaller 
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hole spacing results in smaller tj and t, + ts, which leads to a higher probability of bubble 
coalescence compared to a larger hole spacing. Enhanced bubble-bubble interaction with 
decreasing hole spacing was observed by Xie and Tan (2003). Additionally, when formed 
through holes, bubble diameter increases with increasing gas flow rate (Li, 1999); hence, the 
probability of bubble-bubble interaction increases with increasing gas flow rate. Therefore, 
when the superficial gas velocity is increased, the likelihood of bubble coalescence is higher 
for A = 2.14% than for A = 0.57% and 0.99%. As a result, the gas holdup for A = 2.14% is 
lower than that of A = 0.57% and 0.99%. This is not observed when A = 0.99% because the 
holes are not close enough to encourage bubble-bubble interaction. 
A lower gas holdup for A = 2.14% when compared to A = 0.57% and 0.99% may also be 
ascribed to the fact that for A = 2.14%, the open area ratio is too large to produce a stable gas 
inlet for the range of superficial gas velocities addressed in this study. Zahradnik and 
Kastanek (1979) and Haug (1976) determined that when the plate pressure drop is less than a 
critical value, bubble formation is influenced by pressure fluctuations in the gas-liquid layer 
(i.e., bubbling bed), and the plate works in unstable operation. Unstable distributor operation 
leads to partial aeration, a non-uniform gas distribution, large scale liquid circulation, and an 
unstable flow pattern (Haug, 1976). The critical gas flow rate at which the plate works in 
stable operation is estimated by the Weber number, We. As suggested by Zahradnik and 
Kastanek (1979), stable plate operation occurs when 
We = V°d°Pg > 2 (4.2) 
a 
where v0 is the aeration hole gas velocity, d0 is the aeration hole diameter, pg is the gas 
density, and a is the surface tension. To achieve the critical Weber number, a higher gas flow 
rate is required for a larger open area. For example, if We = 2, do = 1 mm, p% = 1.57 kg/m3, 
and a = 72.7 mNm"1, the critical v0 is 9.62 m/s. Thus, the corresponding superficial gas 
velocities in our system are 5.4 cm/s, 9.4 cm/s, and 20.6 cm/s for A = 0.57%, 0.99%, and 
2.14%, respectively. It is clear that the plate with A = 2.14% will not operate in stable 
operation for the entire superficial gas velocity range of this study, which may contribute to 
the lower gas holdup. The gas holdup of A = 0.99% is greater than that of A = 0.57% after Ug 
= 9.5 cm/s, verifying the importance of stable plate operation. 
Hole spacing also changes with open area and this affects the bubble formation mode, 
thus influencing the inlet gas distribution and the resulting gas holdup and flow regime 
transition. In addition to bubble jetting, Ruzicka et al. (1999) and Xie and Tan (2003) 
identified two basic bubble formation modes for multi-hole aeration plates: (i) synchronous 
and (ii) asynchronous. The synchronous mode produces a uniform gas holdup profile and low 
liquid circulation. This is favorable for homogeneous flow regime in bubble column 
operations. In the asynchronous mode, bubble formation at adjacent holes is either out of 
phase, or they form at alternating holes. Some active holes tend to produce liquid circulation 
that makes the other holes passive, resulting in a non-uniform inlet gas distribution. This 
further enhances liquid circulation and leads to flow regime transition. They also observed 
that hole spacing plays an important role in the bubble formation modes. When the hole 
spacing is large, the synchronous mode occurs at gas flow rates below a critical value. When 
hole spacing is small, the close proximity prevents the gas flow through adjacent holes from 
being in phase and no synchronous mode is observed. The critical gas flow rate at which the 
transition from the synchronous to asynchronous mode occurs decreases with decreasing hole 
spacing (i.e., increasing open area) (Ruzicka et al., 2000). Therefore, the critical gas flow rate 
for A = 2.14% is lower than that of A = 0.57% and 0.99%. It is possible that at the same 
superficial gas velocity, the tendency of the synchronous regime for A = 0.57% and 0.99% is 
higher than that of A = 2.14%. This would produce a more uniform gas distribution for A = 
0.57% and 0.99% than 2.14%. Zahradnik and Kastanek (1978) demonstrated that a non­
uniform gas distribution will induce liquid circulation and an unstable flow pattern; this 
results in enhanced bubble-bubble interaction and bubble coalescence, leading to a reduced 
gas holdup when compared to a uniform gas distribution at the same gas flow rate. From 
Figure 4.6, it is plausible that the aeration plates with A = 0.57% and 0.99% produce a more 
uniform inlet gas distribution than that from A = 2.14%. 
Figure 4.6 also shows the flow regime transitions for A = 0.57%, 0.99%, and 2.14% by 
applying the Zuber-Findlay drift flux model (Zuber and Findlay, 1965) (solid symbols). In 
this model, Ug/e represents the mean bubble rise velocity. All three plates produce 
homogeneous, transitional, and heterogeneous flow regimes. For the homogeneous flow 
regime, Ug/s slightly decreases with increasing Ug and reaches a minimum value denoted as 
the critical superficial gas velocity at which transitional flow appears. Similar observations 
were obtained by Tsuchiya and Nakanishi (1992). The negative slope of the plot of Ug/s vs. 
Ug in the homogeneous regime for all aeration plates may be the result of downward liquid 
flow between bubbles, compensating for the amount of liquid carried by the bubble wake to 
ensure conservation of mass (Chen et al., 1994). This downward liquid flow has a hindrance 
effect on the bubble rise velocity, leading to a bubble rise velocity less than the terminal rise 
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velocity. This reduction in bubble rise velocity increases with increasing gas holdup (i.e., 
increasing superficial gas velocity) (Shnip et al., 1992; Shen and Finch, 1996)). 
When the superficial gas velocity is further increased, bubble-bubble interaction is 
enhanced, and bubble coalescence occurs, which indicates the flow regime transition. In the 
transitional flow regime, gross liquid circulation, increasing with increasing superficial gas 
velocity, changes the slope of Ug/s vs. Ug to increase with increasing Ug. 
The transitional superficial gas velocity, identified by the down arrows in Figure 4.6, is 
similar when A = 0.57% and 0.99%. This is because the two plates produce similar gas 
holdup results until a maximum gas holdup is reached for A = 0.57%. This observation 
indicates that increasing the open area ratio may increase the maximum gas holdup, but it 
may not delay the flow regime transition. The transitional superficial gas velocity is -3.4 
cm/s for A = 2.14%, which is less than -5.7 cm/s for A = 0.57% and 0.99%. The lower 
superficial gas velocity at which transition occurs when A = 2.14% may be attributed to two 
affects. First, bubble coalescence is enhanced with closer hole spacing (large open area), and 
this induces liquid circulation and triggers flow regime transition. Second, a large open area 
(close hole spacing) results in a partially activated aeration plate (Ruzicka et al., 1999), 
leading to a non-uniform gas distribution and liquid circulation, promoting flow regime 
transition. 
4.2.2 Fiber Suspensions 
4.2.2.1 Effect of Fiber Mass Fraction 
Typical trends of the effect of fiber mass fraction on gas holdup using the three different 
aeration plates (A = 0.57%, 0.99%, and 2.14%) are shown in Figure 4.7 for L = 3 mm Rayon 
fiber. For all three aeration plates, gas holdup decreases with increasing fiber mass fraction. 
This phenomenon is attributed to the promotion of bubble coalescence and/or reduction of 
bubble breakup due to the increase in the effective suspension viscosity with increasing fiber 
mass fraction, and the increasing large bubble sizes due to the increasing yield stress of the 
fiber suspension; this has been explained by in the section 4.1. The reduction in gas holdup 
with increasing fiber mass fraction is more pronounced at low fiber mass fractions. When 
fiber mass fraction is high (C > 1.4%), fiber addition does not significantly affect gas holdup. 
The trends of gas holdup variation with fiber mass fraction of A = 0.57% and 0.99% are 
similar. At low fiber mass fractions (C < 0.4%, Figure 4.7a,b), gas holdup behavior is similar 
to that of an air-water system: there is a maximum gas holdup, indicating homogeneous, 
transitional, and heterogeneous flow regimes exist over the range of superficial gas 
velocities. The effect of fiber mass fraction is more significant in the transitional flow 
regime, while little influence is observed in the homogeneous flow regime. At C > 0.4%, gas 
holdup continuously increases with increasing superficial gas velocity and pure 
heterogeneous flow, as defined by (2001a), is observed. 
For A = 2.14% (Figure 4.7c), gas holdup increases with increasing superficial gas 
velocity monotonically for all fiber mass fractions. At low fiber mass fractions (C <0.25%), 
the homogeneous flow regime exists at low superficial gas velocities, and when C > 0.25%, 
pure heterogeneous flow appears over the range of superficial gas velocities. Similar to A = 
0.57% and 0.99%, gas holdup is not influenced by fiber mass fraction in the homogeneous 
flow regime, whereas the transitional flow regime is affected by fiber addition. Similar trends 
are obtained for Rayon fiber with L = 6 mm and 12 mm for all three aeration plates. 
4.2.2.2 Effect of Aeration Plate Open Area 
Figure 4.8 depicts the effect of aeration plate open area on gas holdup in L = 3 mm 
Rayon fiber suspensions. At low superficial gas velocities (Ug < 3 cm/s), the open area ratio 
has a negligible effect on gas holdup. This phenomenon is similar to that of the air-water 
system. When Ug > 3 cm/s, the effect of aeration plate open area ratio on gas holdup is 
pronounced. At low fiber mass fractions (e.g., C = 0.1%), where homogeneous, transitional, 
and heterogeneous flow regimes exist, the aeration plate open area has a significant effect on 
gas holdup behavior in the transitional gas flow regime; a higher gas holdup is observed 
when A = 0.57% and 0.99% than that recorded with A = 2.14%. This was also observed in 
the air-water system (i.e., Figure 4.6). In the heterogeneous flow regime, open area 
influences gas holdup in fiber suspensions, which was not observed in the air-water system 
(see Figure 4.6). This may be due to the fact that for the air-water system, there is a 
significant amount of liquid turbulence at high superficial gas velocities, leading to a 
negligible effect of the aeration plate on bubble behavior. In contrast, fiber addition results in 
a decrease in turbulence intensity because the effective suspension viscosity increases with 
increasing fiber mass fraction, and the effect of bubble formation on gas holdup becomes 
important. The reasons that the aeration plate with A = 2.14% decreases the gas holdup in 
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fiber suspensions compared to that of A = 0.57% and 0.99% is ascribed to the same reasons 
as that of the air-water system. 
The effect of aeration plate open area on gas holdup for A = 0.99% is influenced by fiber 
mass fraction. With increasing fiber mass fraction, the performance of A = 0.99% changes 
from that similar to A = 0.57% to that similar to A = 2.14%. At low fiber mass fraction (C = 
0.1%), the gas holdup when A = 0.99% has similar behavior to that of the air-water system, 
1.e., it is higher than that of A = 0.57%. As the fiber mass fraction is further increased (C = 
0.25%), the gas holdup of A = 0.99% drops faster than A = 0.57% and the two are very 
similar. At C = 0.60%, the gas holdup of A = 0.99% is lower than that of A = 0.57%, but 
almost the same as that of C = 2.14%. The larger decrease in gas holdup when A = 0.99% 
with increasing fiber mass fraction than that of A = 0.57% may be attributed to the increase 
in the bubble formation size with increasing fiber mass fraction; when the bubble formation 
size is large enough, adjacent bubbles near the aeration plate begin to coalesce, which is 
enhanced when A = 0.99% due to its smaller hole spacing compared to that A = 0.57%. This 
leads the performance of A = 0.99% to be closer to that of A = 2.14% with increasing fiber 
mass fraction. 
Figure 4.8 also demonstrates that the effect of aeration plate open area is less significant 
with increasing fiber mass fraction when the fiber mass fraction is high. The difference of gas 
holdup of the three aeration plates disappears when the fiber mass fraction is C > 1.2%. 
Similar trends are observed for L = 6 and 12 mm Rayon fiber. Consequently, the aeration 
plate open area has an effect on gas holdup in low fiber mass fraction suspensions, which 
depend on the gas flow regime. However, in high fiber mass fraction suspensions, the 
aeration plate open area has a negligible effect on gas holdup. 
It can be concluded that increasing aeration plate open area may enhance or reduce gas 
holdup in air-water and air-water-fiber systems, and the results are influenced by bubble 
formation size, hole diameter, superficial gas velocity, fiber mass fraction, and hole spacing. 
Increasing aeration plate open area tends to increase gas holdup when the hole spacing is 
large enough that a bubble formed at the inlet hole has no interaction with adjacent bubbles. 
Otherwise, increasing the open area tends to reduce gas holdup when bubble formation size 
is increased by either increasing hole diameter (Valencia et al., 2002), superficial gas 
velocity, or fiber mass fraction. 
4.2.2.3 Effect of Fiber Length 
The effect of fiber length on gas holdup behavior for the three open area ratios are shown 
in Figure 4.9. The trends of A = 0.57% and 0.99% are similar, and for low and medium fiber 
mass fractions, gas holdup decreases significantly when the fiber length is increased from L 
= 3 mm to L = 6 mm, but a negligible change is observed when the fiber length is further 
increased to L = 12 mm. In contrast, there is a negligible effect of fiber length on gas holdup 
when A = 2.14% at low fiber mass fractions (e.g., C = 0.1%). At medium fiber mass fractions 
(e.g., C = 0.8%), a decrease is observed between L = 3 mm and L = 6 mm which is similar to 
that of A = 0.57% and 0.99%. 
In general, increasing fiber length tends to reduce gas holdup in fiber suspensions. 
However, for long fiber (e.g., L = 6 and 12 mm), the effect of fiber length on gas holdup is 
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not significant. This phenomenon is analogous to that of a viscous liquid. When liquid 
viscosity is high, a further increase in viscosity has little effect on gas holdup (Gandhi et al., 
1999). This may be attributed to two competing effects: (i) bubble rise velocity of small 
bubbles is reduced in highly viscous liquids (Li and Prakash, 2000), leading to an increase in 
gas holdup; and (ii) bubble coalescence is enhanced, reducing gas holdup. In fiber 
suspensions, the longer the fiber, the larger the effective viscosity at the same fiber mass 
fraction. Therefore, long fiber suspensions tend to hinder bubble rise, and enhance bubble 
coalescence. In addition, the yield stress increases with fiber length (Bennington et al., 1990), 
which further reduces bubble rise velocity and traps more bubbles. These factors may be the 
reasons that gas holdup does not reduce significantly with increasing fiber length for long 
fibers. 
Figure 4.9 also shows that at high fiber mass fractions (C = 1.4%), the three aeration 
plates produce similar gas holdup results for all three fiber lengths. To more clearly depict 
the effect of open area and fiber length at high fiber mass fractions, Figure 4.10 provides all 
results for C = 1.4%, which shows that when the fiber mass fraction is high, gas holdup has 
only a weak dependence on fiber length and aeration plate open area. It also implies that the 
gas holdup in a high fiber mass fraction suspension is mainly determined by slurry mixing. 
4.2.2.4 Flow Regime Transition 
Figure 4.11 shows the effect of fiber mass fraction, length, and open area on the 
superficial gas velocity at which transitional flow is observed for the three distributor plates. 
The superficial gas velocity at which transitional flow begins is determined by the Zuber-
Findlay drift flux model (Zuber and Findlay, 1965) and shown by the arrows in Figure 4.6. In 
general, fiber addition tends to destabilize the homogeneous flow regime, and when the fiber 
mass fraction is beyond a critical value, pure heterogeneous flow is observed over the entire 
range of superficial gas velocities. This phenomenon is ascribed to the increase in effective 
suspension viscosity with increasing fiber mass fraction. Zahradnik et al. (1997) have shown 
that the flow pattern will change from that of the existence of three flow regimes 
(homogeneous, transitional, and heterogeneous) to pure heterogeneous flow as the liquid 
viscosity increases. The fiber length has an effect on flow regime transition where the longer 
the fiber, the lower the superficial gas velocity at which transition begins. This effect is more 
significant when fiber length increases from 3 mm to 6 mm. There is not a pronounced 
difference between L = 6 and 12 mm in either the superficial gas velocity or the critical fiber 
mass fraction at which transitional flow begins. This is consistent with the trends shown in 
Figure 4.10 that the effect of fiber length on gas holdup is not significant when fiber length is 
increased from 6 mm to 12 mm for all three aeration plates. 
It is apparent that in fiber suspensions, increasing aeration plate open area is not 
favorable to the homogeneous flow stabilization. The aeration plate with A = 2.14% 
obviously encourages the flow regime transition and the transitional superficial velocities for 
the three fiber lengths are lower than those of A = 0.57% and 0.99%. A = 0.99% produces 
very similar results to that of A = 0.57 for all three fiber lengths. The critical fiber mass 
fraction beyond which pure heterogeneous flow regime exists is also dependent on the 
aeration plate open area and decreases with increasing open area. When A = 0.57%, pure 
heterogeneous flow appears when C > 0.6%, and the dependence of the critical fiber mass 
fraction on fiber length is negligible. For the other two plates, the critical fiber mass fraction 
is affected by fiber length between L = 3 mm and 6 mm. A = 0.99% does not affect the 
critical fiber mass fraction for L = 3 mm and the homogeneous flow also can be observed 
when C < 0.6%. For L = 6 and 12 mm, the homogeneous flow exists when C < 0.4%. When 
A = 2.14%, the critical fiber mass fraction further decreases. For L = 3 mm, homogeneous 
flow is observed when C < 0.25%, and for L = 6 and 12 mm, this critical value reduces to 
0.16%. 
4.3 Gas Holdup in Nylon Fiber Suspensions 
This study employed Nylon fibers as the solid phase to examine the effects of fiber type, 
fiber mass fraction, and length on gas holdup and flow regime transition in a 15.24 cm, semi-
batch GLF bubble column. The explanations for the gas holdup behavior in a Nylon fiber 
suspension are also provided. The distributor plate in this study has an open area ratio of 
0.57%. Data are presented for three different Nylon fiber lengths (2, 3, and 6 mm) over a 
range of superficial gas velocities (Ug <18 cm/s) and a range of fiber mass fractions (0 < C < 
1.8%). These data have been summarized in Su and Heindel (2004). 
4.3.1 Effect of Nylon Fiber 
4.3.1.1 Effect of Fiber Mass Fraction 
The effect of fiber mass fraction on gas holdup with L = 6 mm is shown in Figure 4.12. 
Note that these data were taken on the same day that fiber was added to the bubble column. 
In Nylon fiber suspensions, the gas flow is in the pure heterogeneous regime for most fiber 
mass fractions (except C = 0.05%). Even at C = 0.05%, the gas holdup behavior deviates 
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from that of the air-water system, and no local maximum gas holdup behavior is observed 
over the entire range of superficial gas velocities. This behavior is different from Rayon fiber 
suspensions (see for example Figure 4.1 and section 4.1). Visual observations at C = 0.05% 
reveal that the flow conditions are not homogeneous and bubbles are not uniform in size, 
even when Ug < 0.9 cm/s. Under these conditions, two types of bubbles are observed: (i) 
relatively large ellipsoidal bubbles (~15 mm in diameter), and (ii) small spherical bubbles 
(~2 mm in diameter). At higher superficial gas velocities, large spherical-cap bubbles are also 
observed. Similar phenomena was observed by Philip et al. (1990) in highly viscous liquids. 
They suggested two mechanisms to explain the appearance of small spherical bubbles: (i) 
bubble coalescence occurred near the gas distributor plate, and during the coalescence 
process, smaller bubbles are generated by the breakup of the trailing bubble, and (ii) 
entrained small bubbles generated by the breakup of a large bubble at the liquid surface. 
Mechanism (i) contributes to the small bubble appearance when the gas flow rate is low. 
When the gas flow rate is high, the accumulation of small bubbles is attributed to both 
mechanisms. The presence of small spherical bubbles in a Nylon fiber suspension implies 
that even a small amount of Nylon fiber leads to suspension behaviors similar to highly 
viscous liquids. Tse et al. (2003) give another explanation of small bubble formation in that 
small bubbles may be generated by the coalescence-mediated breakup of bubbles, and state 
that this mechanism is very significant in systems that are coalescence-dominated. This 
mechanism could also contribute to the small bubbles observed in the heterogeneous gas 
flow regime found in the Nylon fiber suspensions of this study. 
Experimental observations reveal that Nylon fibers tend to agglomerate with other fibers 
and bubbles. Visual observations made after shutting off the gas flow show that Nylon fibers 
form floes which contain many small bubbles; these floes float to the top of the column even 
though the fiber density is slightly greater than water. It is also observed that at very low 
superficial gas velocities, a single small bubble may rise with several fibers attached to it. 
From the data shown in Figure 4.12, it is seen that gas holdup data taken on the first day 
fiber is added to the bubble column tends to decrease with increasing Nylon fiber mass 
fraction. The decrease in gas holdup is more pronounced at low fiber mass fractions (C < 
0.25%), and this effect diminishes when C > 0.25%. These general fiber mass fraction trends 
qualitatively agree with those observed in Rayon fiber systems discussed in section 4.1, 
however, the influence of fiber mass fraction occurs up to C = 1.2% in a Rayon fiber 
suspension. 
Similar trends are observed in Nylon fiber systems with L = 3 mm when the fiber is 
soaked for 3-5 days before experiments are initiated. When fiber is soaked for 2 weeks before 
it is added to the bubble column, different behavior is recorded and will be discussed below. 
4.3.1.2 Effect of Fiber Length on Gas Holdup 
Figure 4.13 shows the effect of Nylon fiber length on gas holdup, which reveals little 
influence. The gas holdup in shorter Nylon fiber suspensions (L = 3 mm) is no different from 
that of longer fiber suspensions (L = 6 mm) at all fiber mass fractions including low (C = 
0.05%) and high (C = 1.6%) fiber mass fractions. These observations contradict those of 
section 4.1 and 4.2 where gas holdup decreases with increasing fiber length when C <, 1.4% 
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in Rayon fiber suspensions. The negligible dependence of gas holdup on Nylon fiber length 
may be because Nylon fiber is stiff leading to a small effect of fiber aspect ratio on 
suspension rheology. 
4.3.2 Comparison of Gas Holdup with Rayon Fiber Suspension 
Figure 4.14 compares gas holdup results in Nylon and Rayon fiber suspensions with L = 
6 mm and various fiber mass fractions. At a low fiber mass fraction of C = 0.16%, gas 
holdup in the Nylon fiber suspension is much lower than that in the Rayon fiber suspension. 
Additionally, heterogeneous flow exists over the entire range of superficial gas velocities in 
the Nylon suspension; while three flow regimes (homogeneous, transitional, and 
heterogeneous) exist in the Rayon suspension. When C = 0.8%, only pure heterogeneous 
flow is observed for both the Nylon and Rayon suspension, but the gas holdup in the Nylon 
suspension is lower than that of the Rayon suspension. The gas holdup difference between 
Nylon and Rayon suspensions decreases with increasing fiber mass fraction, and at C = 1.8% 
(Figure 4.14c), there is negligible difference between the two systems. 
The hydrophobic nature of the Nylon fiber surface is one possible mechanism to explain 
why the gas holdup in a Nylon fiber suspension is much lower than that in a Rayon fiber 
suspension at low fiber mass fractions. Many studies (Chen and Fan, 1989; Jamialahmadi 
and Muller-Steinhagen, 1991; Banisi et al., 1995a; Van der Zon et al., 2002) have been 
conducted on the effect of particle wettability on bubble behavior and gas holdup, and point 
out that gas holdup in a non-wettable particle slurry is lower than in a wettable particle 
slurry. They claim that an important characteristic observed for non-wettable particles is a 
high tendency for bubbles to attach to the particles, and the particles tend to form aggregates; 
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this is consistent with the phenomena observed in the Nylon fiber suspension of this study. In 
comparison, Rayon fiber disperses uniformly and individual fibers can be clearly seen when 
the gas is shut off. Also, no bubbles are observed on the Rayon fiber surface. 
Studies have shown that particle wettability may also have a significant effect on the gas 
flow behavior in a slurry bubble column. Jamialahmadi and Muller-Steinhagen (1991) 
recorded that the addition of a small amount of non-wettable solids to an air-water system 
causes a considerable reduction in gas holdup. Lower gas holdup for hydrophobic particle 
systems was also observed by Van der Zon et al. (2002). The enhancement of bubble 
coalescence by hydrophobic particles is also known from antifoaming studies (Racz et al., 
1996; Wang et al., 1999; Kluytmans et al., 2001) where hydrophobic particles tend to 
promote bubble coalescence by enhancing film rupture when two bubbles approach. In 
contrast, wettable particles tend to repel the gas interface, acting as a buffer between two 
adjacent gas bubbles and result in a decrease in bubble coalescence (Kluytmans et al., 2001). 
Chen and Fan (1989) also showed that non-wettable particles suppress bubble breakup. Both 
the promotion of bubble coalescence and the suppression of bubble breakup will 
considerably reduce gas holdup in systems with hydrophobic solids. 
The degree of affinity the fiber has to water also has an impact on the fiber-fiber adhesive 
force. Chaouche and Koch (2001) showed adhesive force played an important role in the 
strength of fiber floes, where a large force made the floes easy to form and difficult to 
breakup. They also showed that the adhesive force of Nylon fiber in a glycerin/water mixture 
was -20 times higher than in silicone oil and attributed this to the hydrophobicity of Nylon 
fiber. It can be postulated that the adhesive force among Nylon fibers is greater than Rayon 
fiber because Nylon fiber has a lower affinity to water. This is supported by the fact that 
attempts to uniformly disperse small mass fractions of 12 mm long Nylon fiber in water were 
unsuccessful; after the suspension was agitated for a period of time through bubble-induced 
mixing, fiber bundles were formed. In contrast, 12 mm long Rayon fiber disperses easily in 
water (Su and Heindel, 2003). Larger adhesive forces among Nylon fibers also require a 
larger buoyant force to break through the fiber floes, resulting in larger bubbles and a 
decrease in gas holdup. 
The difference in gas holdup between Nylon and Rayon fiber suspensions may also be 
attributed to other fiber properties such as fiber flexibility that leads to different effective 
suspension viscosities, resulting in different gas flow behavior. Nylon fiber is less flexible 
than Rayon fiber (Bennington et al., 1995) and this tends to lower the Nylon suspension 
viscosity, leading to a higher gas holdup when compared to Rayon suspensions, which 
conflicts with the experimental results. This suggests that the effect of other factors, like 
Nylon fiber hydrophobicity, overshadow the effect of fiber flexibility. 
4.3.3 Time-Dependent Gas Holdup in Nylon Fiber Suspensions 
One important observation of the gas holdup behavior in Nylon fiber suspensions is that 
gas holdup varies with length of time the fiber is in the suspension. For example, four 
replicate experiments were completed with Nylon fiber L = 3 mm and C - 0.25% over a 
period of 84 hours after the fiber was added to the bubble column. Figure 4.15 clearly shows 
that the gas holdup varies with time and tends to increase with long-term system exposure. 
The first data set was taken 12 hours (t = 12 hours) after which the fiber was added to the 
bubble column. Large bubbles are observed even at very low superficial gas velocities (Ug < 
0.9 cm/s), and the gas flow regime is pure heterogeneous. The gas holdup obtained at t = 36 
and 60 hours is higher than that of t = 12 hours, but the bubbles have no visual difference 
than those of t = 12 hours. Heterogeneous flow is still observed over the entire range of 
superficial gas velocities. Also, no foam is observed for t = 12, 36, and 60 hours. 
After t = 84 hours, the gas holdup increases and the bubbles are visually smaller than 
those oft < 84 hours with no large bubbles at low superficial gas velocities (Ug < 2 cm/s). 
Foam, which is not observed when t < 84 hours, appears at the top of fiber suspension 
surface. From Figure 4.15, a change in gas holdup trend is exhibited at t = 84 hours; this 
deviation is characteristic of three separate gas flow regimes (homogeneous, transitional, and 
heterogeneous flow). 
The gas flow characteristics of Nylon fiber suspensions are not only affected by the 
experimental time in the bubble column, but also affected by the time the fiber is soaked in 
tap water prior to experiment initiation. Figure 4.16 shows the difference in gas flow 
behavior between 2 mm Nylon fiber soaked for five days and two weeks. The gas holdup 
behavior of 2 mm fiber soaked for five days has the same magnitude as that of 3 and 6 mm 
Nylon fiber at the same mass fraction of C = 0.05% (soaked for 3-5 days). However, the gas 
holdup of fiber soaked for two weeks is much higher, and a maximum gas holdup is 
exhibited. Although some fiber flocculation is observed at low superficial gas velocities in 
the fiber soaked for 2 weeks, a significant amount of fiber is uniformly dispersed in the 
bubble column, not adhering to other fiber or bubbles; this is not observed in the fiber that 
was soaked for 3-5 days. 
To confirm the time-varying characteristic of Nylon material, the gas holdup in a Nylon 
powder system was also investigated. The gas holdup data in a C = 0.05% Nylon particle 
system, with a particle size range between 105 and 180 microns was repeated five times 
within t = 108 hours after which the powder was added to the bubble column. The gas holdup 
variation is also observed in the Nylon powder suspension, as shown in Figure 4.17. The gas 
holdup behavior is the same as that of Nylon fiber; that is, gas holdup increases with time. 
The increase in gas holdup with time is more apparent at intermediate superficial gas 
velocities, when the gas flow is in the transitional flow regime. 
It is hypothesized that some Nylon fiber suspension properties change with time when 
exposed to an air-water hydrodynamic field, and these changes affect the gas flow 
hydrodynamics by promoting bubble breakup and/or hindering bubble coalescence. This 
influences the bubble size distribution, resulting in an increase in gas holdup in the Nylon 
suspension. To test this hypothesis, surface tension, electrical conductivity, total dissolved 
solids, and pH of the filtrate from the Nylon fiber and powder suspension were measured 
before and after each data set. No significant change in these properties was recorded. 
Several possible additional mechanisms may cause changes in the Nylon fiber suspension 
properties during long-term water exposure that are not recorded when measuring surface 
tension, electrical conductivity, total dissolved solids, and pH; these include (i) Nylon fiber 
surface additive influence, (ii) fiber degradation, (iii) reduced fiber hydrophobicity, and (iv) 
deformation of the Nylon fiber shape. The time-varying gas holdup caused by the Nylon 
system changes may be attributed to one or more of these mechanisms. 
4.3.3.1 Mechanism 1 : The effect of Nylon fiber surface additives 
During the manufacture of Nylon fiber, many additives may be used to satisfy industrial 
process requirements. For example, a spin finish will be applied to yarn to control static 
electricity, and as an aid for further processing. These spin finishes are usually composed of a 
proprietary mix of a lubricant, an emulsifier, an antistatic agent, and other components (Slade 
and Hild, 1992). Although the fibers were well washed in water before the experiment, 
perhaps it was not sufficient to remove all the materials. Some of the remaining additives 
may dissolve in water during the experiment and change the water properties, further 
affecting the bubble behavior in the fiber suspension. For example, foam was observed only 
after several hours of bubble column operating and the foam appearance could be the result 
Nylon fiber additives leaching into the water. Also, the fiber surface property and suspension 
filtrate chemistry may change with time due to the additives dissolving in the water, resulting 
in the change in inter-fiber forces and thus variation in apparent viscosity of fiber suspension. 
This may be the main source of the variation in gas flow hydrodynamics in Nylon fiber 
suspensions. 
4.3.3.2 Mechanism 2: Nylon fiber degradation 
Nylon is a polymer, and polymers encounter various kinds of degradation throughout 
their life, starting from the reactor where the polymer is synthesized, the extruder where it is 
processed, during service life, and after its failure when it is discharged into the environment 
(Thanki, 1999). The degradation involves several chemical and physical processes 
accompanied by small structural changes. In the current experiment, the Nylon fiber length is 
short and has a relatively large surface area to volume ratio, and undergoes long-term 
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exposure to water and air in a complex hydrodynamic field. In this environment, several 
types of degradation are possible: (i) hydrolytic degradation, (ii) oxidative degradation, and 
(iii) mechanical degradation. 
Many polymers, mainly those synthesized by the polycondensation method (like Nylon), 
undergo hydrolysis that leads to degradation of the polymeric material by scission of the 
polymer backbone (Mathisen et al., 1991). Thanki (1999) claims that Nylon fiber is prone to 
hydrolytic degradation in moist environments. In the current study, hydrolytic degradation 
would be enhanced due to the Nylon long-term exposure to water. Fragments of a suitable 
size, broken from the main Nylon chain become water-soluble (Mikolajewski et al., 1964), 
which could change the properties of the suspension filtrate. 
All polymers are subject to degradation by oxygen, and the stability of Nylon decreases 
in the presence of air (Kohan, 1995). Mikolajewski et al. (1964) observed faster oxidation 
occurred when Nylon fiber was wet. In the current study, Nylon is exposed to water, and air 
is continuously bubbled through the suspension. Oxidative degradation may be enhanced 
because the rate of oxygen diffusion into Nylon fiber would increase in the bubble-induced 
turbulent flow field. 
Mechanical energy, applied in shear, can be converted to main chain bond energy 
resulting in polymer bond scission. Hunston and Zakin (1980) and Nagashiro and Tsunoda 
(1977) suggest that hydrodynamic fields can cause the decomposition of polymer 
macromolecules. Muller and Davidson (1994) bubbled hydrogen peroxide through aqueous 
solutions of carboxymethy cellulose (CMC), and suggested that CMC chains were 
mechanically broken due to shear forces caused by bubble-induced mixing. In the current 
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study, the Nylon is a solid of individual fibers and it may not experience significant 
mechanical degradation; however, under long-term exposure to water and bubble-induced 
mixing forces, mechanical degradation may contribute to the observed time-varying results. 
The degradation of the Nylon fiber suspension may have an effect on gas flow 
hydrodynamics and the apparent viscosity of the fiber suspension. There is limited 
information on the effect of degradation on Nylon fiber properties. However, Lavrenko et al. 
(1994) studied the stability of poly (napthoyleneimidobenzimidazole) (PNIB) fiber under 
atmospheric conditions and showed that the material experienced slow hydrolytic 
degradation of the macromolecules, leading to a drop in intrinsic viscosity and changes in 
mechanical properties such as tensile strength and elastic modulus. They also showed that the 
decrease in molecular weight is significantly accelerated for PNIB in the powered state. It is 
postulated that Nylon fiber would experience similar changes as PNIB. The gas flow 
behaviors observed in Nylon fiber suspensions, such as increasing gas holdup with time, and 
a more apparent gas holdup change with time in a Nylon powder suspension, indirectly 
confirm this postulation. The time-varying gas holdup may be partly attributed to the change 
in fiber elastic modulus resulting from degradation; this may change the Nylon fiber 
deformation under the turbulence experienced in a bubble column, which could affect the 
fiber-fiber interaction and thus the apparent fiber suspension viscosity. 
To test the possibility of mechanisms 1 and 2, approximately C = 1% fiber suspension 
was formed in a 4000 ml beaker, and surface tension, electrical conductivity (EC), total 
dissolved solids (TDS), and pH of the filtrate were measured at t = 6 and 300 hours after 
which the fiber suspension was formed (Table 4.1). Surface tension and pH decreased and 
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EC and TDS increased with soaking time, which may indirectly indicate that some fiber 
additives leach into the water and, perhaps, the fiber has experienced some degree of 
degradation. The reason why no change in these properties was recorded by the bubble 
column filtrate sample is that the changes are relatively small, they may be damped by the 
large water volume and low fiber concentration, and the equipment used is not sensitive 
enough to record small changes. 
Table 4.1: Selected property variations of Nylon fiber soaked in water. 
Soaking Time Surface tension EC TDS PH 
(hours) (mN/m) (ms/cm) (ppm) (-) 
6 57 0.49 330 8.7 
300 46 0.57 380 7.1 
4.3.3.3 Mechanism 3: Reduced hydrophobicity of Nylon fiber 
The loss of hydrophobicity of Nylon in a wet condition has been observed by Tokoro and 
Hackam (1995). Hydrophobicity loss of other polymers such as Polyethylene in a wet 
condition has also been studied by Khan and Hackam (1997). The enhanced dispersion of 
fiber in water with longer soaking time implies a reduced degree of hydrophobicity. The 
Nylon fiber surface becomes more hydrophilic during long-term water exposure due to fiber 
surface additives leaching into the water, leading to an increase in gas holdup. Although the 
surface tension of the suspension filtrate (i.e. gas-liquid interface surface tension) has no 
apparent change, the surface tension of the gas-solid and solid-liquid interface will change 
when Nylon fibers become more hydrophilic. This has a significant effect on bubble 
hydrodynamics, hindering bubble coalescence. The loss of hydrophobicity also reduces the 
adhesive forces between fibers, which make Nylon fiber floes easier to disrupt which was 
observed in our experiments after prolonged water exposure. 
4.3.3.4 Mechanism 4: Nylon fiber shape deformation 
Fiber deformation has a significant effect on fiber suspension viscosity (Joung et al., 
2002). Blakeney (1966) found that a suspension of slightly curved fibers could increase the 
apparent suspension viscosity by 10-15% above that of a relative straight fiber suspension. 
Joung et al. (2002) provide numerical results that show fiber curvatures of between 5-10 
degree have the greatest effect on suspension viscosity, and viscosity decreases when fiber 
curvatures are beyond this range. From the results of Joung et al. (2002), the time variation of 
gas holdup in Nylon fiber suspensions is influenced by the change in Nylon fiber 
deformation during an experiment, leading to a change in suspension viscosity. According to 
Lavrenko et al. (1994), fiber degradation affects fiber properties like elastic modulus, which, 
in turn, affects fiber deformation. Nylon fiber deformation would continue to change during 
exposure in a hydrodynamic field, leading to an increase in gas holdup with time. 
4.3.4 Effect of Nylon Fiber Mass Fraction on Gas Holdup - Revisited 
Figure 4.12 was obtained from data taken on the same day fiber was added to the bubble 
column. However, the effect of fiber mass fraction on gas holdup also depends on the length 
of the time the fiber is in the column. Figure 4.18 shows that the gas holdup at a Nylon fiber 
mass fraction of C = 0.4% and taken at t = 48 hours is higher than that of C = 0.25% taken at 
t = 12 hours. This conflicts with the trend that increasing mass fraction decreases gas holdup, 
as shown in Figure 4.12, as well as the results in Rayon fiber suspensions (section 4.1 and 
100 
4.2). The gas holdup time dependence makes it extremely difficult to study the effect of 
Nylon fiber mass fraction on gas holdup because the results depend on when the data are 
collected. 
Selected experiments were completed in Rayon fiber suspensions to determine if gas 
holdup in these suspensions also varies with time. Excellent reproducible results of gas 
holdup in Rayon fiber suspensions with L = 3 mm is shown in Figure 4.19. There is no 
change in gas holdup during 84 hours after which Rayon fiber was added to the bubble 
column, which implies that Rayon fiber degradation is very slow, if at all, and has no effect 
on gas holdup. Thus, the gas holdup results in Rayon fiber suspensions are reliable, and 
Rayon fiber is a good material to investigate gas holdup behavior in synthetic fiber 
suspensions. In contrast, Nylon fiber is not appropriate for the study of fiber effects on gas 
holdup. 
4.4 Gas Holdup in Short Rayon Fiber Suspensions (L = 0.38 and 1 mm) 
In previous studies, fibers with a large aspect ratio (74 < r < 580) were employed which 
showed that, as expected, fiber mass fraction has a significant effect on gas holdup and flow 
regime transition. This is because fiber-fiber interaction (flocculation) occurs even at low 
fiber mass fractions in long fiber suspensions and fiber addition significantly modifies the 
suspension rheology from that of water. Short fibers reduce the flocculation tendency, and 
thus, more closely approximates a particulate system. This section investigates the effect of 
fiber mass fraction with L = 0.38 and 1 mm long Rayon fiber. 
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Figure 4.20 depicts the gas holdup variation with fiber mass fraction with A = 0.57%. 
The results are significantly different from those obtained from high aspect ratio fiber 
suspensions (L = 3, 6, and 12 mm). Similar results are obtained with aeration plates of A = 
0.99% and 2.14%. Fiber mass fraction does have an effect on gas holdup which decreases 
with increasing fiber mass fraction. However, the effect is not as significant as those found 
when the fiber aspect ratio is large. As shown in Figure 4.20, only large fiber mass fractions 
lead to a significant gas holdup reduction. It can be seen that the presence of L = 0.38 mm 
Rayon fiber has little effect on gas holdup even at C = 0.6% (see, for comparison, Figure 4.1 
for long Rayon fiber results). The flow pattern is also insensitive to fiber addition; 
homogeneous, transitional, and heterogeneous flow regimes exist even at fiber mass fractions 
as high as C = 3.0% for L = 0.38 mm. This indicates that fiber mass fraction has less effect 
on gas holdup and flow regime transitions for fiber suspensions with small fiber aspect ratios 
than large aspect ratios. 
It is known that fiber addition leads to a decrease in gas holdup mainly due to the 
increased suspension viscosity. From the results in Figure 4.20, it is apparent that the 
effective viscosity may be influenced by fiber aspect ratio, in addition to fiber mass fraction, 
and small aspect ratio fibers can have a significant effect on the rheology of the fiber 
suspension. Fiber flexibility also influences the suspension viscosity and, according to Joung 
et al. (2001), the viscosity would increase by 7-10% when simulating flexible fibers 
compared to straight rigid fibers. Forgas and Mason (1959) contend that fiber flexibility is 
related to fiber aspect ratio (see Eq. (2.11)). They state that fiber flexibility cannot be 
neglected for large aspect ratio fibers and it has a significant impact on the rheology of the 
102 
fiber suspension. However, the flexibility is less important when the fiber aspect ratio is 
small. 
Fiber aspect ratio also influences the fiber orientation distribution, which affects the 
suspension viscosity; a large fiber orientation distribution enhances apparent viscosity. 
Sundararaj akumar and Koch (1997) showed that when NfL2d « 1, the fiber orientation is 
controlled by hydrodynamic interaction, and Chaouche and Koch (2001) stated that in the 
"hydrodynamic regime", fiber addition has only a small contribution to the shear viscosity 
because the fiber is primarily aligned along the flow direction. When NfL2d = 0(1), where Nf 
is the number of fibers per volume, mechanical contacts dominate, which cause the fiber to 
flip more frequently, resulting in the fiber orientation distribution to deviate from the flow 
direction (Sundararaj akumar and Koch, 1997). As NfL2d is proportional to CL/d, where L/d 
is the fiber aspect ratio, the fiber mass fraction at which mechanical contacts dominate and 
influence the fiber suspension viscosity is larger when the fiber is L = 0.38 mm Rayon fiber 
than long fiber (i.e., L = 3, 6, and 12 mm). 
Another factor contributing to gas holdup and flow pattern insensitivity to fiber addition 
is that foam is observed on the surface of the 0.38 mm long Rayon fiber slurries, and the 
amount of foam increases with increasing fiber addition. Foam generation is attributed to the 
fact that additives on the fiber surface may leach into the water and reduce the surface 
tension. Although the fiber was soaked in a bucket for two days and washed with tap water 
before it was added to bubble column, it was difficult to wash effectively because the fibers 
are so short and are easily lost during the washing procedure. It is hypothesized that the 
washing procedure was compromised to minimize the fiber loss. Thus, the slight change of 
gas holdup with fiber mass fraction is partly attributed to the fact that the decrease in gas 
holdup caused by fiber addition is compensated by the increase in gas holdup due to foam 
formation. 
Rayon fiber with L = 1 mm, whose length is between L = 0.38 and 3 mm, is used to try 
to check the transition length at which gas holdup behavior deviates from particulate systems. 
It is found from Figure 4.21 that gas holdup reduces with fiber mass fraction is more evident 
than L = 0.38 mm, and the effect of fiber mass fraction is more pronounced in the transitional 
flow regime. However, the flow pattern is similar to that L = 0.38 mm; it is weakly 
dependent on fiber addition, and pure heterogeneous flow regime is not observed over the 
range of fiber mass fractions (C < 1.8). Note that for L = 3 and 6 mm, the critical fiber mass 
fractions at which the flow changes from homogeneous to pure heterogeneous flow regime 
are around 0.6%. Figure 4.21 shows that L = 1 mm fiber behavior is between the L = 0.38 
mm and L = 3 mm, and a critical fiber length where the fiber aspect ratio differentiates 
between fiber and particulate systems is between r = 48.5 (L = 1 mm) and r = 145 (L = 3 
mm). 
4.5 Effect of Bubble Column Diameter 
In this section, three bubble column diameters (D = 10.2, 15.2, and 32.1 cm) are 
employed to study the scale-up effect on gas holdup in an air-water system and cellulose 
fiber (hardwood, softwood, and BCTMP) suspensions. For all three bubble columns, similar 
perforated plate gas distributors are using where the nominal open area ratio is 0.5%. The 
exact open area ratios are A = 0.62% (D = 10.2 cm), A = 0.57% (D = 15.2 cm), and A = 
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0.49% (D = 32.1 cm). The aeration plate hole diameter in all cases is do = 1 mm. Some of the 
data used in this section were taken by other researchers in our laboratory, but the combined 
analysis is part of this thesis. 
4.5.1 Air-Water 
Figure 4.22 shows the scale-up effect on gas holdup in an air-water system. For all three 
column diameters (D = 10.2,15.2, and 32.1 cm), homogeneous, transitional, and 
heterogeneous flows and a local maximum gas holdup are observed over the range of 
superficial gas velocities, although the maximum is not prevalent for D = 10.2 cm. When the 
superficial gas velocity is low, which corresponds to the homogeneous flow regime, gas 
holdup is independent of column diameter. When the superficial gas velocity is increased and 
the flow is in the transitional regime, gas holdup is enhanced by decreasing column diameter. 
When gas holdup is further increased and the flow becomes heterogeneous, the difference in 
gas holdup between D = 15.2 and 32.1 cm is negligible, both of which are lower than that of 
D = 10.2 cm. This phenomenon is consistent with that of Zahradnik et al. (1997) who 
observed that bubble column diameter had no effect on gas holdup in the homogeneous and 
heterogeneous flow regime when D > 15 cm, but it influenced gas holdup in the transitional 
flow regime. 
Bubble column size has two effects on bubble column hydrodynamics. One is that the 
liquid circulation velocity is affected by column diameter, and it increases with increasing 
column diameter (Zehner, 1989). Liquid circulation accelerates the bubble rise velocity. 
Krishna et al. (2001) numerically proved that the bubble swarm velocity is scale dependent 
and increases with increasing bubble column diameter. This reduces the bubble residence 
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time and thus, gas holdup. Another influence is the column diameter wall effects. Krishna et 
al. (1999b) pointed out that wall effects play an important role with respect to bubble rise 
velocity and hinder bubble rise when dy/D (ratio of bubble diameter to column diameter) > 
0.125. Thus, smaller bubbles and/or larger column diameters produce smaller wall effects. 
At low superficial gas velocity, where liquid circulation in the column is not important 
and the flow is homogeneous, gas holdup is independent of bubble column diameter (see 
Figure 4.22) because the small bubble sizes typical of this regime are not influenced by the 
column wall. In the transitional and heterogeneous flow regimes, where bubble coalescence 
is significant leading to large bubble diameters, wall effects become important for the small 
column diameter; these effects hinder bubble rise and increase gas holdup. Additionally, 
significant liquid circulation appears for all column diameters in transitional and 
heterogeneous flow, and liquid circulation drives bubbles to rise faster in larger diameter 
columns (Krishna et al., 2001). Thus, gas holdup in the D = 10.2 cm column is higher than 
that of D = 15.2 and 32.1 cm for the transitional and heterogeneous flow. When D > 15 cm, 
gas holdup is affected by column diameter only in the transitional flow regime, resulting in a 
higher gas holdup when D = 15.2 cm compared to D = 32.1 cm. This is attributed to a lower 
liquid circulation velocity in the D = 15.2 cm column than the D = 32.1 cm column, leading 
to a longer bubble residence time and thus a higher gas holdup. Also, very large bubbles in 
the D = 15.2 cm column may be influenced by wall effects, which further increases gas 
holdup. In heterogeneous flow, the effect of column diameter disappears for D = 15.2 and 
32.1 cm. This could be attributed to the fact that the turbulent intensity of large diameter 
column may be stronger due to a higher liquid circulation velocity. This increases the 
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possibility of bubble breakup in the large diameter column, which dominates in 
heterogeneous flow (Prince and Blanch, 1990). The decrease in gas holdup due to a higher 
bubble rise velocity by increased liquid circulation is compensated by the increase in gas 
holdup due to bubble breakup. 
4.5.2 Fiber Suspensions 
Figure 4.23 shows gas holdup in BCTMP suspensions as a function of superficial gas 
velocity for various fiber mass fractions and three bubble column diameters. Similar gas 
holdup trends are found in all three bubble columns. When the fiber mass fraction is low, 
there is a local maximum gas holdup and three flow regimes (homogeneous, transitional, and 
heterogeneous) are observed, which is similar to that of air-water system. When the fiber 
mass fraction is beyond a critical value, pure heterogeneous flow is observed. This critical 
value is independent of column diameter and Ccriticai ~ 0.4% for all three bubble columns. 
These phenomena are also observed in softwood and hardwood fiber suspensions, the only 
difference is that Ccriticai is lower for softwood. Table 4.2 shows the critical fiber mass 
fraction for BCTMP, softwood and hardwood fiber suspensions in all three bubble columns. 
It indicates that the flow pattern is not affected by column diameter. The similar flow patterns 
for both the air-water system and the three cellulose fiber suspensions, in all three bubble 
columns, implies that for a given fiber type and fiber mass fraction, the flow pattern is 
determined primarily by the gas distributor. Since all three bubble columns used perforated 
plate gas distributors with a nominal open area ratio of ~ 0.5%, and all holes are the same 
diameter (do = 1 mm), similar flow patterns result. 
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Table 4.2: The critical fiber mass fraction beyond which the pure heterogeneous flow 
regime appears for different bubble column diameters. 
Column diameter, D (cm) 
10.2 15.2 32.1 
BCTMP 0.4% 0.4% 0.4% 
Softwood 0.25% 0.25% 0.25% 
Hardwood 0.4% 0.4% 0.4% 
Figure 4.23 also shows that at high fiber mass fractions (C > 1.0%), the effect of fiber 
addition disappears for D = 10.2 and 15.2 cm, however, gas holdup continues to decrease 
with increasing fiber mass fraction for D = 32.1 cm. This different phenomenon for the 
largest column diameter may be attributed to a different slurry dispersion coefficient for the 
D = 32.1 cm bubble column. In gas-liquid-fiber semi-batch bubble columns, fibers disperse 
with liquid carried up by the bubble wake. At high fiber mass fractions, some fiber settling 
occurs, which may lead to channeling, this is observed for all three bubble columns at the 
high fiber mass fractions. In section 4.1, it was explained that gas channeling in the lower 
column region resulted in a negligible decrease in gas holdup when additional fiber is added 
to the column because the fiber dispersion is not uniform. Krishna (2000) argued that the 
slurry dispersion coefficient is proportional to the liquid circulation velocity and bubble 
column diameter. At the fiber mass fraction where channeling is observed, more fibers 
disperse in the larger diameter bubble column leading to a more uniform fiber dispersion. 
However, when C is further increased to 1.8% in the D = 32.1 cm column, gas holdup does 
not change from C = 1.4%, which is similar to that observed when D = 10.2 and 15.2 cm (see 
Figure 4.24). It is noted that at the high fiber mass fractions, it is possible that the decrease in 
gas holdup due to bubble coalescence is compensated by the increase in gas holdup due to 
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the hindrance effect the fibers have on the bubble rise velocity, trapping small bubbles, which 
increase bubble residence time and gas holdup. 
Figure 4.24 shows the gas holdup variation with BCTMP fiber mass fraction for different 
column diameters. At Ug = 5 cm/s, gas holdup is not influenced by fiber addition when the 
fiber mass fraction is very low for all three bubble columns. As seen from Figure 4.24, this 
fiber mass fraction is a function of bubble column diameter and is 0.4%, 0.1%, and 0.1% for 
D = 10.2, 15.2, and 32.1 cm, respectively. The negligible influence of the fiber addition on 
gas holdup at low fiber mass fractions is attributed to the fact that when the fiber mass 
fraction is low, the flow is homogeneous at Ug = 5 cm/s. In the homogeneous flow, there is 
negligible bubble coalescence and it is assumed that bubble size is only weakly dependent on 
fiber addition at low fiber mass fractions. Thus, at low superficial gas velocities (i.e., Ug = 5 
cm/s), gas holdup does not change with fiber mass fraction. When the fiber mass fraction is 
further increased, the flow deviates from the homogeneous regime at Ug = 5 cm/s and gas 
holdup decreases with increasing fiber mass fraction. The gas holdup decreases with the 
same trend with increasing fiber mass fraction for all three bubble columns when C > 0.6%; 
this fiber mass fraction results in heterogeneous flow, indicating that for heterogeneous flow 
and low superficial gas velocities, the fiber addition affects gas holdup in a similar manner 
for all bubble column diameters of this study. 
At Ug = 10 cm/s, gas holdup decreases with a steeper slope with increasing fiber mass 
fraction for D = 10.2 and 15.2 cm than for D = 32.1 cm when C < 0.6%. Note that when C < 
0.6% and Ug = 10 cm/s, the flow is in the transitional regime with a maximum gas holdup for 
D = 10.2 and 15.2 cm but is heterogeneous flow for D = 32.1 cm (see Figure 4.23). Figure 
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4.24b indicates that gas holdup is more sensitive to fiber addition in the transitional flow 
regime. The possible reason for this trend is that bubble coalescence dominates in the 
transitional flow regime and fiber addition enhances bubble coalescence. Also, the slope of 
the D = 15.2 cm data is steeper than that of D = 10.2 cm, this may be attributed to the fact 
that for D = 10.2 cm, the decrease in gas holdup due to fiber addition enhancing bubble 
coalescence is partly offset by an increase in gas holdup due to wall effects. However, for D 
= 15.2 cm, the liquid circulation velocity is more important to the gas holdup behavior than 
wall effects, and this tends to decrease gas holdup. This unfavorable effect on gas holdup is 
enhanced by fiber addition. 
When 0.6% < C < 1%, the slopes in Figure 4.24b are the same for all three bubble 
columns. In this range of fiber mass fraction, the flow is heterogeneous for all bubble 
columns at Ug = 10 cm/s. There are three competing effects determining gas holdup: (i) wall 
effects that lead to an increase in gas holdup which is more pronounced in the small diameter 
bubble column; (ii) liquid circulation that accelerates bubble rise velocity, and thus reduces 
gas holdup, which is enhanced by the larger bubble diameter column; and (iii) liquid 
circulation that increases the turbulent intensity, which encourages bubble breakup (Prince 
and Blanch, 1990), and it is more significant in the larger diameter column. The similar slope 
in this region of Figure 4.24b indicates that the net balance of these three effects is 
independent of column diameter. 
When C > 1% and Ug = 10 cm/s, gas holdup in the D = 10.2 and 15.2 cm columns is 
independent of fiber mass fraction; the results for D = 32.1 cm column are influenced by 
fiber mass fraction until C = 1.4%. The reason has been discussed previously. 
At Ug = 15 cm in Figure 4.24c, where the flow is heterogeneous for all three bubble 
columns, the slopes are the same until C > 1.0%, which further proves that the effects of fiber 
addition are not a function of bubble column diameter in the heterogeneous flow regime. 
Note that gas holdup levels off when C > 1.0% for D = 10.2 and 15.2 cm, but this does not 
occur until C > 1.4% for D = 32.1 cm for all three superficial gas velocities. 
The gas holdup variation with superficial gas velocity for different fiber mass fractions 
and fiber types (softwood, hardwood, and BCTMP) in all three bubble columns is shown in 
Figure 4.25. It is seen that the effect of bubble column diameter on gas holdup is similar for 
all three fiber suspensions except hardwood suspension with C = 0.25%. 
When fiber mass fraction is low (C = 0.25%) where homogeneous, transitional, and 
heterogeneous flow regimes occur, the gas holdup behavior for all three fiber suspensions is 
similar to that of the air-water system. Gas holdup is independent of bubble column diameter 
in the homogeneous flow for all three column diameters and in the heterogeneous flow 
regime when D > 15 cm, but affected by column diameter in the transitional flow regime. In 
the transitional flow regime, gas holdup generally increases with decreasing column 
diameter. The possible reasons for these results are similar to those discussed with the air-
water system. Note that for the transitional flow regime in the hardwood fiber suspension, the 
gas holdup of D = 10.2 cm column is lower than that of D = 15.2 cm and 32.1 cm columns 
(see Figure 4.25c(i)) and the reason for this is currently unknown. 
When C = 0.8%, the flow is pure heterogeneous for all three bubble columns and the 
effect of column diameter disappears when D > 15 cm. This phenomenon was also observed 
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by other researchers (Yoshida and Akita, 1965; Shah et al., 1982; Wilkinson, 1991; Deckwer, 
1992; Zahradnik et al., 1997; Krishna et al., 2001). However, when C is further increased to 
C = 1.4%, the effect of column diameter is evident even when D > 15 cm. It is obvious that 
gas holdup in the D = 10.2 cm bubble column is higher than that of D = 15.2 and 32.1 cm 
because wall effects are more significant (Krishna et al., 1999b), and there is lower liquid 
circulation velocity for a smaller diameter column (Zehner, 1989), both of which result in a 
lower bubble rise velocity and a higher gas holdup. 
The possible explanations to no difference in gas holdup between D = 15.2 and 32.1 cm 
at C = 0.8% are: although bubble size increases with increasing fiber mass fraction because 
of bubble coalescence (Heindel and Garner, 1999), wall effects are not significant for both D 
= 15.2 and 32.1 cm due to the small ratio of dt/D (Krishna et al., 1999b). Liquid circulation 
plays a more important role than wall effects for this condition. Liquid circulation velocity is 
higher in the D = 32.1 cm bubble column compared to the D = 15.2 cm column (Zehner, 
1989). On one hand, the enhanced liquid circulation velocity accelerates the bubble rise 
velocity, which decreases gas holdup; on the other hand, increasing liquid circulation 
velocity enhances bubble breakup due to increased turbulence intensity, which increases gas 
holdup. The competition of these two effects leads the gas holdup in the D = 32.1 cm bubble 
column to be similar to that of the D = 15.2 cm column. 
At C = 1.4%, bubble size is further increased (the suspension is more viscous) so that 
wall effects become important to bubble behavior, and wall effects for D = 15.2 cm are 
stronger than that of D = 32.1. Additionally, the liquid circulation velocity is higher for D = 
32.1 cm and increases the bubble rise velocity, however, it does not provide enough turbulent 
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intensity to break up bubbles due to a high effective viscosity. Therefore, the gas holdup is 
lower in the larger bubble diameter when the fiber mass fraction is high. 
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Figure 4.1 : Gas holdup as a function of superficial gas velocity for various Rayon fiber 
mass fractions with L = 3 mm and A = 0.57%. 
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Figure 4.2: Gas holdup as a function of Rayon fiber mass fraction for L = 
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Figure 4.3: The effect of fiber mass fraction on gas holdup for different Rayon fiber lengths 
and superficial gas velocities with A = 0.57%; (a) Ug = 5 cm/s, (b) Ug = 10 
cm/s, and (c) Ug = 15 cm/s. 
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Figure 4.4: Drift flux model to identify the regime transition: L = 3 mm and A = 0.57%. 
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Figure 4.5: Superficial gas velocity at which transition flow is observed in Rayon fiber 
suspensions for A = 0.57%. 
118 
0.30 
Air-water 
O 0.15 
0.00 
100 
- 75 
= 0.57% 
= 0.99% 
= 2.14% 
= 0.57% 
= 0.99% 
= 2.14% 
25 
0 5 10 15 
Superficial Gas Velocity, Ug (cm/s) 
20 
Figure 4.6: Gas holdup and flow regime transitions for various aeration plates in an air-
water system. 
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Figure 4.7: The effect of fiber mass fraction on gas holdup with different aeration plates for 
L = 3 mm Rayon fiber suspensions; (a) A = 0.57%, (b) A = 0.99%, and (c) A = 
2.14%. 
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Figure 4.8: Effect of aeration plate open area on gas holdup at various fiber mass fractions 
(Rayon fiber L = 3 mm); (a) C = 0.1%, (b) C = 0.25%, (c) C = 0.6%, and (d) C 
= 1.2%. 
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Figure 4.9: The effect of Rayon fiber length on gas holdup; (a) A = 0.57%, (b) A = 0.99%, 
and (c) A = 2.14%. 
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Figure 4.10: Effect of Rayon fiber length and aeration plate open area on gas holdup at C = 
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Figure 4.11 : The effect of aeration plate open area, fiber mass fraction, and fiber length 
the superficial gas velocity at which flow regime transition is initiated. 
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Figure 4.12: Gas holdup as a function of superficial gas velocity for various Nylon fiber mass 
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Figure 4.13: Effect of Nylon fiber length on gas holdup at various fiber mass fractions. 
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Figure 4.14: Gas holdup comparison of Nylon and Rayon fiber suspensions (L = 6 mm) at 
various fiber mass fractions; (a) C = 0.16%, (b) C = 0.8%, and (c) C = 1.8%. 
127 
0.20 
0.15 
Vu 
CL 
| 0.10 
I 
0.05 
0.00 
L = 3 mm, C = 0.25% 
A = 0.57% 
0 
• D 
• 
A 
D A O o 
o o 
A o 
û « 
o * 
A o 
° o* 
à o 
a> 
o 12 hours 
A 36 hours 
o 60 hours 
• 84 hours 
10 15 20 
Superficial Gas Velocity, Ug (cm/s) 
Figure 4.15: Gas holdup dependence on time for a Nylon fiber suspension. 
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Figure 4.16: The effect of Nylon fiber soaking time on gas holdup. 
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Figure 4.17: Gas holdup dependence on time for a Nylon powder suspension. 
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Figure 4.18: Time dependence of Nylon fiber mass fraction effect on gas holdup. 
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Figure 4.19: Gas holdup repeatability in a Rayon fiber suspension with A - 0.57%. 
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Figure 4.20: Gas holdup variations with fiber mass fraction in 0.38 mm long Rayon fiber 
suspensions with A = 0.57%. 
133 
0.30 
0.25 
~ 0.20 
Vu 
CL 
5 0.15 O 
X 
S 
° 0.10 
0.05 
0.00 
0 5 10 15 20 
Superficial Gas Velocity, Ug (cm/s) 
Figure 4.21: Gas holdup variations with fiber mass fraction in 1 mm long Rayon fiber 
suspensions with A = 0.57%. 
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Figure 4.22: The effect of column diameter on gas holdup for an air-water system and a 
nominal open area ratio of A « 0.5%. 
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Figure 4.23: Gas holdup in BCTMP suspensions for different column diameters with A : 
0.5%; (a) D = 10.2 cm, (b) D = 15.2 cm, and (c) D = 32.1 cm. 
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Figure 4.24: Gas holdup as a function of BCTMP fiber mass fraction for different column 
diameters at (a) Ug = 5 cm/s, (b) Ug = 10 cm/s, and (c) Ug = 15 cm/s. 
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Figure 4.25: The comparison of gas holdup in three bubble columns at different fiber mass 
fraction; (a) softwood, (b) BCTMP, and (c) hardwood. 
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CHAPTER 5: GAS HOLDUP MODEL DEVELOPMENT 
In this section, gas holdup models for A = 0.57%, 0.99%, and 2.14% are developed and 
compared with experimental data. The effects of superficial gas velocity (Ug), fiber type, 
fiber length (L), and fiber mass fraction (C) are included in the models. Note that in the 
models, superficial gas velocity, fiber length, and fiber mass fraction are in units of m/s, m, 
and percent, respectively. As suggested by the data in Chapter 4, gas holdup patterns as a 
function of superficial gas velocity follows general flow regime trends, depending on fiber 
mass fraction and aeration plate open area (Figure 5.1). Two flow patterns result as the fiber 
mass fraction increases: three-regime flow and pure heterogeneous flow. Thus, these two 
flow patterns will be studied separately. 
For the three-regime flow, it has been shown in Chapter 4 that for A = 0.57% and 0.99%, 
there is a local maximum gas holdup with increasing superficial gas velocity, and this local 
maximum divides the transitional flow regime into two parts: the first part characterized by 
increasing gas holdup with increasing superficial gas velocity and the second part 
characterized by decreasing gas holdup with increasing superficial gas velocity; for A -
2.14%, no local maximum gas holdup appears. Therefore, for A - 0.57% and 0.99%, two 
different methods are used to deal with these two gas holdup behaviors (as shown in Figure 
5.1): Model I for the homogeneous and the first part of the transitional flow regime and 
Model II for the second part of the transitional flow and heterogeneous flow regime. Model I 
is also used for the entire three-regime flow for A = 2.14% (i.e., it is applicable when 
homogeneous flow is initially observed at low gas flow rates and applied as long as gas 
holdup increases with increasing superficial gas velocity). Model III is developed for pure 
heterogeneous flow for all three open area ratios. The models do not account for the effect of 
open area ratio. From Chapter 4, it is known that gas holdup is not a monotonie function of 
open area ratio and there is a critical open area ratio which generates a maximum gas holdup. 
However, there are only three open area ratios in the current study which do not provide 
enough information to determine an exact mathematic description of the open area ratio 
effect. Hence, Models I, II, and III have different coefficients and exponents for different 
open area ratios. 
The models are developed using Rayon fiber suspensions with L = 3, 6, and 12 mm and 
C up to 1.8% in a D = 15.24 cm semi-batch bubble column for three open area ratios. In 
addition, data for A = 0.57% also includes softwood, hardwood, and BCTMP with C up to 
1.8%. Note that data when Ug < 1 cm/s is not included in the models because when the gas 
flow rate is low, the gas holdup is also low and experimental error maybe significant (> ± 
20%). 
5.1 Influential Factors on Gas Holdup in Fiber Suspensions 
This section identifies the factors that influence gas holdup in fiber suspensions that are 
considered in the gas holdup models. For completeness, a nondimensional analysis is 
summarized in Appendix A. 
Fibers are flexible and of large aspect ratio, thus, fibers tend to flocculate and form 
network structures. This leads to a complex suspension rheology which has a significant 
effect on bubble behavior in fiber suspensions. Hence, factors that affect fiber flocculation 
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and the resulting suspension characteristics (i.e., yield stress, suspension viscosity, etc.) will 
influence gas holdup. 
According to the literature review in Chapter 2, fiber flocculation is affected by fiber 
mass fraction, fiber aspect ratio, and fiber type, and the combination of these factors can be 
represented by the crowding number (N) (Kerekes and Schell, 1992). In addition, fiber 
stiffness (EI), friction coefficient, and fiber shape have a significant contribution to fiber 
flocculation (Schmid et al., 2000). 
It has been shown that stiffness, fiber mass fraction, and fiber aspect ratio play important 
roles in yield stress (Bennington et al., 1990). Additionally, Wikstrom et al. (1998) found that 
the fiber length distribution has an important effect on network strength. Andersson et al. 
(1999) included fiber number density in the yield stress correlation. 
Fiber concentration (NfL3) (Sundararaj akumar and Koch, 1997), fiber stiffness 
(especially for large aspect ratio fibers) (Schmid et al., 2000), fiber shape (Joung et al., 
2002), and fiber orientation (Petrich et al., 2000) also affect fiber suspension viscosity. 
Fiber stiffness, friction coefficient, and shape are difficult to measure and control and 
depend, to some extent, on fiber origin (e.g., type) and processing conditions (Smook, 1992), 
hence, only fiber type, fiber mass fraction, and aspect ratio are considered in this gas holdup 
model development. Since the crowding factor (N) accounts for the effect of fiber mass 
fraction and aspect ratio on fiber flocculation, it will be used to replace fiber mass fraction 
and fiber aspect ratio in the models. The crowding factor also includes the effect of fiber 
coarseness. From the Eq. (2.7), fiber length has a more significant effect on flocculation than 
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fiber mass fraction. However, this relative importance between fiber mass fraction and fiber 
length does not apply to the effect on gas holdup. As shown in section 4.1.3, the same 
crowding number does not produce the same gas holdup and this phenomenon is attributed to 
the fact that the crowding number exaggerates the effect of fiber length on gas holdup, 
especially when fiber is long. 
Fiber length has a significant effect on yield stress and suspension viscosity. Yield stress 
and suspension viscosity have two opposite effects on gas holdup: on one hand, they hinder 
bubble rise and thus increase bubble residence time, which tends to increase gas holdup; on 
the other hand, they enhance bubble coalescence and suppress bubble break up, which leads 
to a decrease in gas holdup. Gas holdup behavior is the combination of these two effects. 
Thus, fiber length does not affect gas holdup as much as it affects yield stress and effective 
viscosity. Therefore, the crowding factor may combine with another (other) quantity 
(quantities) to describe the fiber effect on gas holdup. 
Fiber number density (Nf), with units of number of fibers per unit volume, was used by 
some researchers to account for the effect of fiber concentration on yield stress (Andersson et 
al., 1999) and suspension viscosity (Sundararajakumar and Koch, 1997). Nf is expressed as 
(5.1a) 
for Rayon fiber, and 
(5.1b) 
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for cellulose fiber, with nf the number of fibers per gram of oven dry material, C the fiber 
mass fraction in percent, and peff effective fiber suspension density. For this study, cellulose 
fiber analysis was completed by Kimberly-Clark Corp. and provided % = 21.4 x 106, 6.37 x 
106, and 4.25 x 10^ per gram for hardwood, softwood, and BCTMP fiber, respectively. 
For fiber with a uniform diameter like Rayon, Nf is proportional to C/L in Eq. (5.1a). 
Thus, the combination of Nf with N adjusts the effect of fiber length. 
5.2 Gas Holdup Model Development 
5.2.1 Three-Regime Flow 
This flow pattern exists when the fiber mass fraction is low. The critical fiber mass 
fraction at which the flow pattern changes from three-regime flow to pure heterogeneous 
flow differs for different open area ratios and fiber lengths. The fiber mass fraction range 
within which three-regime flow is observed is summarized in Table 5.1; this range becomes 
narrower with increasing fiber length and weakly depends on open area ratio. 
Table 5.1: Fiber mass fraction (%) ranges within which three-regime flow occurs. 
Open area 
ratio (A) 
Rayon fiber L (mm) Hardwood Softwood BCTMP 
3 6 12 
0.57% C < 0.6 C < 0.4 C < 0.4 C < 0.6 C < 0.4 C < 0.6 
0.99% C < 0.6 C < 0.4 C < 0.4 - - -
2.14% C < 0.6 C < 0.4 C < 0.25 - - -
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5.2.1.1 Correlations for Superficial Gas Velocity at Which Local Maximum Gas Holdup 
is Reached (Ugmax) 
The superficial gas velocity at which the local maximum gas holdup is reached (Ugmax) is 
the demarcation of the conditions that apply to Model I and II; hence, it is necessary to 
determine a correlation of Ugmax for A = 0.57% and 0.99%. Kuncova and Zahradnik (1995) 
and Zahradnik et al. (1997) have showed that flow regime transition is affected by viscosity, 
and increasing viscosity enhances the flow regime transition. Thus, it can be predicted that 
Ugmax is influenced by fiber mass fraction and fiber length because they affect the fiber 
suspension effective viscosity. It is reasonable to assume that Ugmax is a function of N and Nf 
because they take into account the effect of fiber mass fraction and fiber length. 
Figure 5.2 shows Ugmax as a function of NNf for A = 0.57% and 0.99%, respectively. It is 
seen that Ugmax decreases with increasing NNf (i.e., with increasing fiber mass fraction and 
fiber length). This is consistent with the observations of Kuncova and Zahradnik (1995) and 
Zahradnik et al. (1997) that flow regime transition is enhanced by increasing the suspension 
viscosity (by increasing the fiber mass fraction and fiber length). It also shows that Ugmax can 
be assumed to be a log function of NNf. Since the data are still scattered for both A's, it is 
suggested to change NNf to NaNfb. Thus, a correlation for Ugmax may take on the form 
The coefficient ai and exponents a^ and as are determined by nonlinear curve fitting using 
MATLAB. The Ugmax correlations are: 
U,_=a,+ln(N"N/') (5.2) 
U,,^ =0.21 + ln(N^™%-*™) (A= 0.57%) (5.3) 
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U,_=0.27 + b(N^"N/H g max (A= 0.99%) (5.4) 
The comparisons of predicted and experimental Ugmax are shown in Figure 5.3 for A = 
0.57% and 0.99%. The models reproduce most Ugmax data within ± 10%. It is noted that the 
experimental Ugmax is not a clearly defined value but may occur over a certain range. Also, 
Ugmax is sensitive to the liquid properties (Maruyama et al., 1981) which may change if any 
fiber additives leach into the suspension water, and the coalescing behavior of the liquid 
which can change by the presence of trace impurities (Krishna et al., 1999a). This partly 
contributes to the data scatter in Figure 5.3. 
5.2.1.2 Model I 
5.2.1.2.1 Homogeneous and the first part of the transitional flow regime (A = 0.57% and 
Based on a force balance on bubbles bubbling through a bubble column, Mersmann 
(1978) derived a gas holdup correlation in a dilute bubble swarm. It was assumed that bubble 
motion was in a quasi-steady state, hence, the velocity of the bubble in a swarm was 
determined by the balance of the buoyant and drag forces. 
where Cd is the bubble drag coefficient in a swarm, dy is the bubble diameter, vr is the 
relative bubble velocity, pc is the density of the continuous phase, and Apd is the density 
difference between the mixture (gas and liquid) and gas. 
0.99%) 
(5.5) 
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In the present study, pc is the effective fiber-water slurry density (peff), and Apd is the 
density difference between gas-liquid-fiber mixture and bubbles. Additionally, vr and Apd 
are, respectively: 
v , = —  ( 5 . 6 )  
£ 
for a semi-batch bubble column and 
Apd = pm "pg = (l-sXpeff-Pg)=(l-s)Ap (5.7) 
where pm is the density of the gas-liquid-fiber system and can be calculated from 
pm=epg+(1-e)peff (58) 
Substituting Eq. (5.6) and Eq. (5.7) into Eq. (5.5) and rearranging yields 
e(1 - ef = c d 
vdw 
U. (59) 
where c = 0.75 Peff 
v Apg. 
. In the present study, fiber addition has a negligible effect on the 
overall slurry density, so c is assumed to be constant. 
Based on other researchers' experimental data, Mersmann (1978) suggested a more exact 
expression obtained by a modification of Eq. (5.9) as follows: 
;(l-s)n =i d 
V^b ) 
U„ (5.10) 
The exponent n depends on the density ratio of the continuous phase to the disperse phase. 
When the ratio is greater than 200, n = -4. This agrees with the result of Akita and Yoshida 
(1973). For the present study, the continuous phase can be assumed to be a homogeneous 
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water-fiber slurry and the dispersed phase is air. For these conditions, the density ratio is 
greater than 200, thus, n = -4 for this model. 
Mersmann (1978) also discussed in detail that both C<j and dy are functions of fluid 
properties, such as surface tension, viscosity, and density difference between the two phases. 
For the experimental conditions in the present study, it is assumed that in these three 
quantities, only the effective viscosity varies with fiber addition. The effective viscosity 
depends on fiber type, fiber mass fraction, fiber length, and shear rate (Joung et al., 2001). 
Switzer and Klingenberg (2003) argued that the effective viscosity is a function of NfL3 and 
increases with increasing NfL3. As Nf °c C/(d2L), NfL3 oc CL2/d2. It is known that the 
crowding number N oc CL2/d2; thus, the effective viscosity is a function of the crowding 
number N. Shamlou et al. (1998) and Al-Masry (1999) showed that shear rate is a function of 
superficial gas velocity in non-Newtonian liquids, which indicates that the effective viscosity 
in a fiber suspension is also a function of superficial gas velocity. 
In addition, yield stress has an important effect on bubble diameter. The bubble diameter 
is required to be large enough to produce enough buoyant force to break through the fiber 
network (Pelton and Piette, 1992; Walmsley, 1992; Su and Heindel, 2003). Andersson et al. 
(1999) reported that the number of fiber-fiber contacts has an important contribution to yield 
stress, which is proportional to fiber number density Nf. 
Therefore, it is reasonable to introduce two quantities, the crowding number (N) and the 
fiber number density (Nf), to account for the fiber effect on effective slurry viscosity and 
yield stress, which have a significant effect on the drag coefficient and bubble diameter. The 
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influence on the bubble diameter is visually apparent; increasing the fiber mass fraction (i.e. 
N and Nf) increases the bubble diameter (Heindel, 1999; Heindel and Garner, 1999). 
Additionally, Hebrard et al. (1996) observed that bubble diameter depends on superficial gas 
velocity and is related to gas distributor type. They determined that for a perforated plate gas 
distributor (which is the case in the present study), bubble diameter decreases with increasing 
Ug. 
Based on the above analysis, the quantity Cj/dy should be a function of Ug, Nf, and N. 
Hence, Eq. (5.10) can be rewritten as 
Ç-^ = f(u„N„N)u„ (5.11) 
Figures 5.4 and 5.5 plot s/(l-s)4 as functions of Ug and NNf, respectively, for A = 0.99%. 
The log-log scale in these figures reveals a straight line dependence, indicating that s/(l-e)4 
can be expressed as a power function of Ug and NNf. The product NNf is proportional to C2L, 
which implies that the effect of fiber mass fraction (to the power 2) is more important than 
fiber length (to the power 1). This is consistent with the observations in Chapter 4 that when 
the fiber is long, the fiber length effect is less significant than fiber mass fraction. Although 
s/(l-s)4 correlates well with NNf in Figure 5.5 for A = 0.99%, the data are scattered for A = 
0.57% when s/(l-s)4 is plotted as a function of NNf (Figure 5.6). Hence, a N and Nf variation 
in the form NaNfb, as opposed to (NNf)a, may be more appropriate to may be more 
appropriate to generalize it to more conditions (i.e., other open area ratios or other bubble 
column diameters). Therefore, a gas holdup model is proposed in the following form 
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= a,U,"N"N/' (5.12) 
l1-s) 
The coefficient a% and exponents a^, ag, and 34 in Eq. (5.12) are determined by nonlinear 
curve fitting tools in MATLAB. Thus, the resulting gas holdup correlations are: 
£ 
= 40.5Ug1'4N~°'146Nf"0'006 (A = 0.57%) (5.13) (1-s) 
and 
8 
= 183.7Ug' 289N~° 128Nf ~°106 (A = 0.99%) (5.14) 
v~e/ 
Table 5.2 summarizes the various model parameters and provides a 95% confidence 
interval for the coefficients and exponents. 
Table 5.2: Coefficient and exponents in Model I Eq. (5.12) and their 95% confidence 
interval for A = 0.57% and 0.99%. 
A = 0.57% A = 0.99% 
ai 95% confidence interval &i 95% confidence interval 
ai 40.5 30.9 52.9 183.7 126.280 267.227 
1.4 1.372 1.428 1.289 1.265 1.313 
a3 
-0.146 -0.164 -0.128 -0.128 -0.144 -0.112 
34 
-0.006 -0.017 0.005 -0.106 -0.123 -0.088 
Figuers 5.7 and 5.8 compare the predicted results with the experimental data. It can be 
seen from the graph that 94% (214 out of 225) and 98.4% (125 out of 127) of the data can be 
predicted within ±15%, and the average absolute deviations are 3.7% and 4.5% for A = 
0.57% and 0.99%, respectively. 
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Equations (5.13) and (5.14) show that the exponents of N and Nf are negative, indicating 
that gas holdup decreases with increasing N and Nf. This is consistent with the physical 
mechanism: the larger N and Nf, the larger viscosity and yield stress, which leads to the 
larger bubble diameter and faster bubble rise velocity, resulting in smaller gas holdup. 
5.2.1.2.2 Homogenous, transitional, and heterogeneous flows (A = 2.14%) 
For this open area ratio, there is no maximum gas holdup over the range of superficial gas 
velocity. It is convenient that all three flow regimes are considered in one model. Although 
Model I is based on the assumption of a quasi-steady state, Mersmann (1978) argued that the 
resulting expression for gas holdup is applicable to heterogeneous flow. Akita and Yoshida 
(1973) applied the similar correlation as Mersmann (1978) to a wide range of superficial gas 
velocity encompassing both homogeneous and heterogeneous flow. Also, good agreement of 
the predictions with experimental data shown in Figure 5.9 proves that this model is also 
applicable to heterogeneous flow. 
Through a nonlinear curve fitting package in MATLAB, the gas holdup correlation for 
three-flow-regime with A = 2.14% is 
S 
= 26.52Ug0'781N-011N/011 (5.15) (1-s) 
The 95% confidence intervals for the coefficient and exponents are listed in Table 5.3. 
Figure 5.9 shows the comparison between predicted gas holdup and experimental data. It 
is shown that Eq (5.15) can produce 96% (155 out of 162) of the data within ±15%. The 
average absolute deviation is 6.9%. 
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Table 5.3: Coefficient and exponents in Model I Eq. (5.12) and their 95% confidence 
interval for A = 2.14%. 
A = 2.14% 
3i 95% confidence interval 
ai 26.52 15.30 45.96 
0.781 0.754 0.809 
as 
-0.112 -0.135 -0.090 
34 
-0.110 -0.135 -0.084 
Equation (5.15) shows that at a given superficial gas velocity, gas holdup decreases with 
increasing N and Nf for the range of superficial gas velocity. It is noted that when A = 2.14%, 
gas holdup depends on Ug to the power less than 1 instead of greater than 1 (as for A = 
0.57% and 0.99%), which indicates that when A = 2.14%, gas holdup increases with 
increasing superficial gas velocity less than when A = 0.57% or 0.99%. This can be attributed 
to the fact that for A = 2.14%, bubbles tend to coalesce near the distribution plate with 
increasing Ug because of the small hole spacing, resulting in an increased probability of 
bubble interactions with bubbles from adjacent holes. 
5.2.1.3 Model II 
5.2.1.3.1 Heterogeneous and the second part of the transitional flow regime (A = 0.57% 
and 0.99%) 
After a maximum gas holdup is reached when A = 0.57% and 0.99%, a local minimum 
gas holdup is observed before heterogeneous flow is reached (see Figure 5.1). However, 
when Ug/(l-s) is plotted as a function of Ug for various fiber mass fraction, a straight line 
results (Figure 5.10). 
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Figure 5.10 also shows that for each open area ratio, the difference among slopes is 
negligible, but the intercepts change with different fiber lengths and mass fractions. 
Therefore, the correlation for this regime is assumed to follow: 
^ = a,Ug+f(C,L) (5.16) 
As with Model I, N and Nf are used to account for the effect of C and L. The effects of N 
and Nf on the intercept f(C, L) are shown in Figure 5.11 and Figure 5.12, respectively, for A 
= 0.57% and 0.99%. These figures reveal the data are widely scattered. However, when data 
are plotted as a function of the parameter NaNfb, where a and b are different for different 
open area ratios and determined through trial and error (as shown in Figure 5.13), the trend 
becomes clear: f(L, C) decreases with increasing NaNfb and follows a logarithmic function 
well. Additionally, to generalize Ug/(l-s), Ug is assumed to vary as a power function. Hence, 
the correlation for the second part of the transitional and the heterogeneous flow regime for 
A = 0.57% and 0.99% is proposed to be 
= a,Uga2 + ln(Na3Nfa< )+ a5 
(5.17) 
The coefficients a\ and a$ and exponents a^, ag, and 34 for A = 0.57% and 0.99% and their 
95% confidence interval are listed in Table 5.4. Note that from Table 5.4, the exponents as 
and a», respectively, of Nf and N in the proposed model (Eq. (5.17)) are different from those 
shown on the x-axis in Figure 5.13, but the corresponding ratios of the two exponents are 
similar. 
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Table 5.4: Coefficients and exponents in Model II Eq. (5.17) for A = 0.57% and 0.99%. 
A = 0.57% A = 0.99% 
a. 95% confidence interval 3i 95% confidence interval 
ai 1.617 1.4670 1.7663 1.469 1.258 1.68 
a2 1.209 1.1352 1.2826 1.1267 1.0 1.25 
a3 -0.0039 -0.0043 -0.0036 -0.0039 -0.0044 -0.0035 
34 -0.0013 -0.0015 -0.0011 -0.0026 -0.0031 -0.0021 
35 0.0648 0.0548 0.0747 0.0817 0.0605 0.1029 
Figure 5.14 shows that the model can produce 97% (207 out of 214) of the data within 
±15% for A = 0.57%, and Figure 5.15 shows that the model can produce 99% (93 out of 94) 
data within ±15%. Average absolute deviations are 4.4% and 4.7%, for A = 0.57% and 
0.99%, respectively. 
5.2.2 Pure Heterogeneous Flow Regime (A = 0.57%, 0.99%, and 2.14%) 
5.2.2.1 Model III 
Model III is used to describe the flow when pure heterogeneous flow is observed at all 
superficial gas velocities (see Figure 5.1), and it is based on the Zuber and Findlay drift flux 
model (Zuber and Findlay, 1965). The drift flux model considers the mixture as a whole and 
reduces the difficulties associated with interface interactions. For a semi-batch bubble 
column, the drift velocity is expressed by 
V 4 = v , - U ,  ( 5 . 1 8 )  
thus, 
v , = ^  =  V „ + U ,  ( 5 . 1 9 )  
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The average gas velocity (averaged over the cross-sectional area of the bubble column) is 
obtained by 
(v'}=(t"Hu-)+<v«> (5-20) 
where, for example, the average value of quantity F is defined by 
<F>=}lFdA <5-21> 
Hence, the weighted mean gas velocity v is given by 
vg (5
-
22) 
(sUg) 
where the distribution parameter C=^—,—-y is constant for a specified flow pattern and (=>(u.) 
reflects the effect of the nonuniform flow and gas holdup profiles. For uniform flow C0 = 1. 
However, in general, C0 depends on flow regime, pressure, channel geometry, and flow rates 
(Wallis, 1969). The nomenclature o is typically omitted from the drift flux model for 
convenience. 
Zuber and Finlay (1965) argued that the weighted mean drift velocity ^ . °j^ « V0j (E) 
represents the terminal bubble rise velocity for heterogeneous flow, and the value is 
independent of bubble size. In this model V0j is called the terminal bubble rise velocity. For 
heterogeneous flow, the plot of the weighted mean gas velocity (vg ) against Ug is a straight 
line whose slope represents C0 and intercept is the terminal bubble rise velocity. 
154 
Plots of Ug/s against Ug for different fiber mass fractions and fiber lengths are shown in 
Figure 5.16. The slopes are weakly dependent on fiber length and mass fraction for A = 
0.57%, however, the intercepts, representing terminal bubble rise velocities, are influenced 
by fiber mass fraction and length. Similar behavior is observed for A - 0.99% and 2.14%. By 
using Eq. (5.22), the drift flux parameter C0 and terminal bubble rise velocity are determined 
for different fiber mass fractions and fiber lengths with A = 0.57%, 0.99% and 2.14% and 
shown in Figures 5.17 and 5.18, respectively. 
Figure 5.17 shows that C0 can be approximated by a constant for different fiber lengths 
and fiber mass fractions for all A = 0.57%, 0.99%, and 2.14%. 
Figure 5.18 shows that the terminal bubble rise velocity is a function of fiber mass 
fraction and length and increases with increasing fiber mass fraction for all three fiber 
lengths. When the fiber mass fraction is high, terminal bubble rise velocity varies only 
slightly with fiber mass fraction. 
Based on the above analysis, the gas holdup model for this flow regime can be assumed 
to be 
where g(C, L) represents the terminal bubble rise velocity V„j. Assume g(C, L) can be 
described by a functional relationship involving N and Nf, 
^L = C0U,+g(C,L) (5.23) 
Vqj = g (N, Nf) (5.24) 
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Terminal bubble rise velocities for different fiber mass fractions and lengths are plotted 
as a function of the parameter NaNfb (a = b for all three open area ratios by trail and error) in 
Figure 5.19. The figure shows that the terminal bubble rise velocities for each open area ratio 
gather into one single line and follow a logarithmic function of NaNfb. Therefore, the gas 
holdup model for pure heterogeneous flow is proposed to be of the form 
^ = C0Ug + ln(NClNfC2 )+ C3 (5.25) 
Table 5.5 lists the coefficients and exponents of Eq. (5.25) and their 95% confidence 
intervals. 
Table 5.5: Coefficients and exponents of Eq. (5.25) for A = 0.57%, 0.99%, and 2.14%. 
A = 0.57% A = 0.99% A = 2.14% 
P 95% confidence P 95% confidence 95% confidence M interval M interval I'l interval 
Co 3.0 2.917 3.077 3.11 3.03 3.18 3.13 3.04 3.21 
Cl 0.078 0.073 0.083 0.069 0.065 0.073 0.057 0.053 0.061 
c2 0.044 0.041 0.047 0.074 0.068 0.080 0.053 0.048 0.059 
c3 -0.917 -1.01 -0.823 -1.50 -1.644 -1.346 -0.958 -1.097 -0.818 
From Table 5.5, the distribution parameter C„ for all three open area ratios is very close, 
which indicates that when the fiber mass fraction is high, the influence of open area ratio on 
gas holdup distribution is negligible. This implies that for high fiber mass fraction 
suspensions, bubble behavior is weakly dependent on gas distribution plate and mainly 
depends on slurry mixing. 
Figures 5.20 - 5.22 show the comparison of predicted gas holdup to experimental data for 
A = 0.57%, 0.99%, and 2.14%, respectively. It is shown that the model produces 99% (581 
out of 587) of the data for A = 0.57%, 100% (305 out of 305) of the data for A = 0.99%, and 
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99% (397 out of 401) of the data for A = 2.14% within +15%. The average absolute 
deviations are 5.0%, 3.3%, and 3.8%, for A - 0.57%, 0.99%, and 2.14%, respectively. 
5.3 Model Evaluation 
The models that were developed for a 15.2 cm semi-batch bubble column were applied to 
data obtained in a 32.1 cm ID semi-batch bubble column with a perforated plate gas 
distributor with A = 0.49% (Hoi, 2005). The gas holdup behavior in the large bubble column 
is similar to that of D = 15.2 cm with A = 0.57%. Based on these data, model coefficients and 
exponents are determined to be 
£ 
= 30.8Ug' 326N~° 115Nf'00113 (Model I) (5.26) (1-e) 
= 1.57Ug115 + ln(N"a0022Nf"0'0012) + 0.044 (Model II) (5.27) 
and 
^- = 4. lUg + ln(N0119Nf00756) -1.8411 (Model III) (5.28) 
Figures 5.23 - 5.25 compare the predicted and experimental data. It shows that the 
predictions agree well with experimental data: Eqs. (5.26) - (5.28) can reproduce, 
respectively, 99.3% (285 out of 287) of the data for Model I, 99.7% (369 out of 370) of the 
data for Model II, and 98% (1147 out 1167) of the data for Model III within +15%. The good 
agreement between the predictions and experimental data proves that Model I, II, and III can 
be successfully used to reproduce gas holdup for gas-liquid-fiber semi-batch bubble columns 
with perforated gas distributors. 
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Figure 5.26 compares the experimental data and their predictions at selected fiber mass 
fractions for L = 3 mm Rayon fiber with A = 0.99%. 
5.4 Summary 
Three basic gas holdup models are developed to predict gas holdup for (i) the 
homogeneous and the first part of the transitional flow regime (A = 0.57% and 0.99%) and 
the entire three-regime flow (A = 2.14%), (ii) the second part of the transitional and the 
heterogeneous flow regime (A = 0.57% and 0.99%), and (iii) pure heterogeneous flow 
regime (A = 0.57%, 0.99%, and 2.14%). The models can reproduce most of the data within 
±15% for the bubble column used in this study (D = 15.2 cm), as well as a similar bubble 
column (D = 32.1 cm) used in a companion study. A significant limitation of the models, due 
to limited experimental data, is that the model coefficients and exponents vary with different 
bubble column diameters and open area ratios; thus, they currently can not be used for scale-
up. 
A reliable parameter was show to be NaNfb in both Ugmax and the gas holdup modes to 
take into account the complex effect of fiber type, fiber mass fraction, and fiber length. The 
exponents a and b are functions of bubble column flow regime, open area ratio, and column 
diameter, but independent of fiber type and length. 
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Figure 5.16: Drift flux model for different fiber lengths and mass fractions for A = 0.57%. 
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Figure 5.18: Terminal bubble rise velocity with respect to fiber mass fraction for (a) A 
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Figure 5.21: Comparison of predicted gas holdup to experimental data in pure heterogeneous 
flow regime for A = 0.99%. 
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Figure 5.22: Comparison of predicted gas holdup to experimental data in pure heterogeneous 
flow regime for A = 2.14%. 
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Figure 5.23: Comparison of prediction to experimental data in homogeneous and the first 
part of transitional flow regimes for D = 32.1cm and A = 0.49%. 
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Figure 5.24: Comparison of prediction to experimental data in the second part of transitional 
and heterogeneous flow regimes for D = 32.1cm and A = 0.49%. 
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 
Gas holdup in a gas-liquid-fiber semi-batch bubble column has been studied. The issues 
in this research included the effect of Rayon fiber mass fraction and length, the effect of 
Nylon fiber, the effect of gas distributor open area ratio, the effect of bubble column diameter 
in cellulose fiber suspensions, and gas holdup models in gas-liquid-fiber semi-batch bubble 
columns. The first part of this chapter gives conclusions of these issues and the second part 
provides the recommendations to further this study. 
6.1 Conclusions 
The main conclusions for this research are as follows: 
1. Gas holdup in a semi-batch bubble column filled with a long fiber suspension decreased 
with increasing fiber mass fraction and fiber length, which was more pronounced when 
the fiber mass fraction was low. This was attributed to the fact that the effective fiber 
suspension viscosity increases with increasing fiber mass fraction. At high fiber mass 
fractions, the effects of fiber mass fraction and fiber length disappeared. Fiber mass 
fraction had more influence on gas holdup than fiber length. Gas flow patterns changed 
from the existence of homogeneous, transitional, and heterogeneous flow to pure 
heterogeneous flow as fiber mass fraction increased. 
2. The wettability of the fiber surface had an effect on gas holdup and flow regime 
transition. Gas holdup of hydrophobic Nylon fiber suspensions was lower than that of 
hydrophilic Rayon fiber suspensions at the same fiber mass fraction and fiber length. 
Additionally, gas holdup in Nylon fiber suspensions varied with time, leading to 
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difficulties in interpreting the effect of fiber mass fraction. Hence, Nylon fiber is not 
recommended for further gas holdup studies. The mechanisms of the time-dependence of 
gas holdup include: (i) the effect of Nylon fiber surface additives; (ii) Nylon fiber 
degradation; (iii) reduced hydrophobicity of Nylon fiber; and (iv) Nylon fiber shape 
deformation. 
3. The aeration plate open area ratio had an effect on gas holdup and flow regime transition. 
For an air-water system and fiber suspensions with low fiber mass fractions, gas holdup 
increased when A increased from 0.57% to 0.99%, but it dropped dramatically when A 
was further increased to 2.14%. Compared to that of A - 0.57%, the flow regime 
transition occurred at lower superficial gas velocities when A = 2.14%, but it did not 
change when A = 0.99%. In the midrange of fiber mass fractions addressed in this study, 
A = 0.99% generated the same gas holdup as that of A = 2.14%, both of which were 
lower than that of A = 0.57%. The effect of open area ratio diminished and all three 
aeration plates produced the same gas holdup results when C > 1.2%. The reasons the 
lowest gas holdup was generated when A = 2.14% included: (i) reduced hole spacing 
enhances bubble coalescence; (ii) large A leads to bubble formation in the asynchronous 
regime; and (iii) A = 2.14% does not produce a stable plate operation. 
4. The gas holdup behavior in short (small aspect ratio) Rayon fiber suspensions (L = 0.38 
and 1 mm) was different from that of long (large aspect ratio) Rayon fibers (L = 3, 6, 12 
mm). In L = 0.38 mm Rayon fiber suspensions, fiber addition did not reduce gas holdup 
significantly, and obvious gas holdup changes were observed only when the fiber mass 
fraction was C > 0.6%. Also, fiber addition did not affect the various flow regimes, even 
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when the fiber mass fraction was as high as C = 3.0%. In L = 1 mm Rayon fiber 
suspensions, the effect of fiber addition on gas holdup is pronounced in the transitional 
flow regime, however, the flow pattern is insensitive to fiber addition and homogeneous 
flow regime was still observed at low superficial gas velocity when C is as high as 1.8%. 
These phenomena were attributed to the short fiber causing only small changes in the 
suspension rheology and possible foam formation due to incomplete fiber washing. 
5. Three basic gas holdup models were developed to predict gas holdup for (i) the 
homogeneous and the first part of the transitional flow regime (A = 0.57% and 0.99%) 
and the entire three-regime flow (A = 2.14%), (ii) the second part of the transitional and 
the heterogeneous flow regime (A = 0.57% and 0.99%), and (iii) pure heterogeneous flow 
regime (A = 0.57%, 0.99%, and 2.14%). The models reproduce most of the experimental 
data within +15% for the bubble column used in this study (D = 15.2 cm), as well as a 
similar bubble column (D = 32.1 cm) used in a companion study. A reliable parameter 
was shown to be NaNfb in both Ugmax and the gas holdup modes to take into account the 
complex effect of fiber type, fiber mass fraction, and fiber length. The exponents a and b 
are functions of bubble column flow regime, open area ratio, and column diameter and 
independent of fiber type and length. 
6.2 Recommendations 
1. More gas distributor open area ratios between A = 0.99% and 2.14% should be further 
studied to determine a critical open area ratio at which maximum gas holdup is reached. 
This work should also be done to other bubble column diameters to check the dependence 
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of gas distributor effects on bubble column diameter and fiber mass fraction. The 
information obtained may help to optimize equipment in the paper and pulp industry. 
2. Gas distributor open area ratio and bubble column diameter should be added in gas 
holdup models in order that the gas holdup models can be used for scale-up. A significant 
limitation of the models in the current study, due to limited experimental data, is that the 
model coefficients and exponents vary with different bubble column diameters and open 
area ratios; thus, they currently can not be used for scale-up. The knowledge obtained in 
#1 can give the information for this intention. 
3. Scale-up gas holdup model(s) should be developed to account for the effects of fiber 
type, fiber mass fraction, fiber length, bubble column diameter, and gas distributor open 
area ratio. To complete this intention, several other work needs to be done (refer to 
Appendix A). 
4. Study the liquid (fiber slurry) height on gas holdup in fiber suspensions and determine the 
critical liquid (fiber slurry) aspect ratio (column height to diameter ratio) beyond which 
gas holdup is independent of liquid (fiber slurry) aspect ratio for the gas distribution 
plates with A = 0.57%, 0.99%, and 2.14%. Examine the relation of the critical value to 
fiber mass fraction for each plate and the interaction with open area ratios. The effect of 
aspect ratio in gas-liquid systems has been investigated (Wilkinson et al., 1992; 
Zahradnik et al., 1997; Veera and Joshi, 1999; Bando et al., 2003). Veera and Joshi 
(1999) showed that the effect of aspect ratio is dependent on aeration hole number, 
indicating that distributor open area ratio influences on the column aspect ratio effect. 
Bando et al. (2003) studied the aspect ratio effect on gas holdup in highly viscous liquid 
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and concluded that the critical aspect ratio is 8 and independent on liquid viscosity. No 
study to date has been done focusing on the column aspect ratio effect(s) in gas-liquid-
fiber systems. 
5. Study the effect of gas chamber volume on gas holdup in fiber suspensions. Determine 
the interaction of gas chamber volume and gas distributor with different open area ratios 
(A = 0.57%, 0.99%, and 2.14%). Hughes et al.(1955) pointed out that chamber volume 
has a strong effect on bubble formation size, and the smaller the gas chamber, the more 
stable is the bubble growth. Park et al. (1977) reported that when the gas chamber is 
small, bubbles grow slowly and smoothly. The bubble size is constant when the gas flow 
rate is below a certain value, otherwise it linearly increases with increasing gas flow rate. 
When the gas chamber is large enough, bubble size is independent of gas flow rate 
throughout the entire range of gas flow rates. Park et al. (1977) also pointed out that there 
are different trends of the change in bubble size with orifice diameter for different 
chamber volumes. Terasaka and Tsuge (2001) studied the bubble formation in viscous 
liquids having a yield stress and showed that at the bubble size increases with increasing 
chamber volume and shear stress. Ponter and Surati (1997) point out that the 
standardization of the equipment geometries, especially regarding volumes gas chambers 
and distribution plates, is very important to generate reproducible bubbles. Non-standard 
gas chambers and distribution plates can be used to explain why inconsistent and poorly 
reproducible data are obtained. 
6. Study the effect of Rayon fiber length distribution on gas holdup to obtain information of 
the effect of fiber length distribution on gas holdup, and examine the dependence of this 
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effect on gas distributor open area ratio. Wikstrom et al. (1998) found that the fiber 
length distribution has a significant effect on yield stress. It is hypothesized that the fiber 
length distribution also has an effect on gas holdup. 
7. Study gas holdup behavior and flow regime in 2 mm long Rayon fiber suspensions. From 
the current study, gas holdup and flow regime are different in long (L = 3, 6, and 12 mm) 
and short (L = 0.38 and 1 mm) Rayon fiber suspensions, where the flow regime in short 
Rayon fiber is insensitive to fiber addition. It is necessary to study 2 mm long Rayon 
fiber suspensions and try to identify one parameter to demark the long and short Rayon 
fiber results. 
8. Use the current models to predict gas holdup in another hydrophilic fiber system and 
compare the predictions with the experimental data to determine the model predictive 
capabilities. 
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APPENDIX A: EXPERIMENTAL UNCERTAINTY 
According to Eq. (3.1), the gas holdup uncertainty is due to pressure measurement error. 
The superficial gas velocity uncertainty is a result of volumetric gas flow rate measurement 
error. The effect of bubble column diameter uncertainty on the superficial gas velocity 
uncertainty is neglected. The gas holdup and superficial gas velocity uncertainties result 
from: signal fluctuation, calibration errors and instrument limitations. The quantities are 
calculated following procedures provided in Figliola and Beasley (2000). 
The pressure transducer (Parmer, Model 68075) error is 0.25% full scale (34.475 kPa). 
Figure A.l shows the pressure signal fluctuation obtained from the middle pressure 
transducer (see Figure 3.1) for the air-water system at Ug = 2, 9, and 16 cm/s, respectively. It 
shows that the pressure signal fluctuations increase with increasing superficial gas velocity. 
The level of pressure signal fluctuation is also affected by fiber mass fraction and pressure 
transducer location. From Figure A.1, the standard deviation of a single pressure 
measurement is from 20 Pa ~ 600 Pa. However, the standard deviation of the average 
pressure of 4000 readings is ±10 Pa, which is much smaller than that of a single pressure 
measurement. This indicates that with multiple (e.g., 4000) measurements, the resultant 
average pressure is much more accurate. The pressure transducer calibration error also 
depends on operation conditions (e.g. superficial gas velocity) and pressure transducer 
location, and has the same order as the standard deviation of the average pressure. 
An uncertainty analysis (Taylor and Kuyatt, 1994) is conducted to estimate the 
uncertainty in gas holdup using the error propagation approach. An Engineering Equation 
Solver (EES) (Klein, 2003) program was developed to evaluate the uncertainty in this study. 
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Gas holdup is given by 
8 = 1- — = 1- Pm P t  
AP P -P mo A to 
(A.1) 
where Pm and P, are the pressures measured from middle and top pressure transducers with 
aeration, respectively; Pmo and Pto are the corresponding values without aeration. 
From Eq. (A.l), the uncertainty of gas holdup can be calculated from the following 
equation: 
IL ^Lu 
-p pm° 
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(A.2) 
where U represents the combined uncertainty. Using Eq. (A.2), the absolute gas holdup 
uncertainty is estimated to be ±0.006-0.008%. 
Three gas flow meter (Aalborg, Model: GFM 17, 371s, and 571s, respectively) errors are 
±2% full scale (15, 50, and 200 1/min, respectively). The relatively standard deviation of the 
average volumetric gas flow rate of 4000 readings is ±0.1-0.3% of the reading. The 
superficial gas velocity uncertainty is calculated from 
UT 
v A c y  
(A.3) 
where Q is the volumetric gas flow rate and Ac is the column cross-sectional area. The 
percent uncertainty associated with superficial gas velocity is estimated to be ±2-4%. 
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Figure A. 1 : Pressure fluctuation signals obtained from the middle pressure transducer in an 
air-water system at (a) Ug = 2 cm/s, (b) Ug = 9 cm/s, and (c) Ug = 16 cm/s. 
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APPENDIX B: NONDIMENSIONAL ANALYSIS 
According to the literature review in Chapter 2 and the present study results in Chapter 4, 
gas holdup is influenced by the geometry of the bubble column and gas distributor, the 
physical properties of the gas, liquid, and solid phase, and process related quantities. The 
parameters influencing gas holdup in a semi-batch gas-liquid-fiber bubble column are listed 
in Table Bl. 
Table Bl : Parameters influencing gas holdup. 
Geometrical Properties 
Bubble Column • Diameter, D 
• Initial liquid Height, H 
Gas Distributor • Open area ratio, A 
• Hole diameter, d0 
Physical Properties 
Gas Phase • Density, pg 
• Dynamic viscosity, 
Liquid Phase • Density, p, 
• Dynamic viscosity, jui 
fiber Phase • Density, pf 
• Fiber length, L 
• Fiber diameter, d 
• Coarseness, w 
• Young's Modulus, E 
• Stiffness, EI 
• Friction coefficient, f 
• Fiber number density, Nf 
Interface Properties • Gas-liquid surface tension, a 
Fiber Slurry • Effective viscosity, jj,eff 
Process Related • Superficial gas velocity, Ug 
• Fiber mass fraction, C 
• Shear rate, y 
• Gravitational acceleration, g 
• Density difference between continuous 
phase and disperse phase, peff-Pg 
• Density difference between liquid and 
solid phase pi-pf 
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Hence, gas holdup may be in influenced by: 
{s; D, H, A, d0; pg, ug, p,, in, pf, L, d, Nf, w, E, EI, f; alg; Ug, C, y, g, g(petrpg), g(prpf)} 
where s, A, f, and C are already nondimension numbers. Quantities with similar dimensions 
include (D, H, d0, L, and d), (pi and pf), (g(pefrpg) and g(pefrpg)), and /xg and fJL\. Thus, only 
one of the respective quantities with the same units is required for nondimensional analysis. 
Hence, the quantities involved in this nondimensional analysis are 
L, pi, Ug; flu co, E, EI, a; y,g, g(pefrpg), Nf 
Selecting L, pi, and Ug as the independent variables, the dimensional matrix method 
introduced by Zlokarink (2001) is used to create nondimensional numbers: 
L Pi ug CO m a g g(pefrpg) E EI Y Nf 
Length L 1 -3 1 -1 -i 0 1 -2 -1 3 0 -3 
Mass M 0 1 0 1 l 1 0 1 1 1 0 0 
TimeT 0 0 -1 0 -l -2 -2 -2 -2 -2 -1 0 
Two linear transformations are necessary to obtain the identity matrix, 
L Pi Ug CO Mi a g g(pefrpg) E EI Y Nf 
L+3M+T 1 0 0 2 1 1 -1 -1 0 4 -1 -3 
M 0 1 0 1 1 1 0 1 1 1 0 0 
-T 0 0 1 0 1 2 2 2 2 2 1 0 
Thus, the dimensionless numbers are: 
ni = 
n2 = 
CD 
L Pt 
h 
PiUgL 
(B.l) 
(B.2) 
u3 - TTT 2 
P.LUg 
(B.3) 
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n „ = A  ( B . 4 )  
g 
n g(pi-pg)L 
P,U/ 
ne =~T7i (B.6) 
PiUg 
FT 
n
'=^v ( a 7 )  
n>={f- (B.8) 
I I , ( B ' 9 )  
Some of the nondimensional numbers shown above can be transformed into new 
nondimensional numbers by exchanging L with other length quantities. For example, replace 
L2 with 7rd2 in Hi to yield: 
n,' =£t (B.10) 
Pi 
Exchange L with D in H2 to obtain: 
n2 '  =-^ = Re-1 (B.ll) 
pU,D 
Change L with D in II3 to obtain produce: 
n3 '=—5_ = We-1 (B.12) 
P,DU/ 
Replace L with D in EU to obtain: 
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n4' = —y = Fr-1 (B.l 3) 
Some of the nondiemsional numbers can also be combined: 
pig(pi - pg )d3 
n5 = n5n2-2 = 1 v 1 2 = Ar (change L with D) (B. 14) 
P, 
n6' = n6n2-'n,-' = E 2 P|U'L ^  = JL (B.L5) 
P,ug Hi yL 
Forgas and Mason (1959) define a bending ratio (BR) according to 
= = (B.,6) 
2(—)2 (M-iY)2r 
where r= — . The bending ratio was used by Forgas and Mason (1959) to classify fiber 
d 
shapes. When BR < 1, fibers are considered as a straight rods, otherwise, fibers tend to bend. 
Joung et al. (2002) concluded that fiber shape (bending) influences fiber suspension 
viscosity. Thus, BR may be an important nondimensionalal number to describe gas holdup 
performance in fiber suspensions. 
Switzer and Klingenberg (2003) define an effective fiber stiffness by: 
n,'=n,(n2n,)-'= EI  
P,U,2L' 
m yL 
vP'U,LU„ 
\-i 
EI 
= Seff (B.l 7) 
M-ifL 
The effective fiber stiffness is a nondimensional number representing fiber flexibility. 
Fiber flexibility has an effect on fiber flocculation and the effective viscosity (Joung et al., 
2001; Switzer and Klingenberg, 2004), both of which affect gas holdup. 
Other nondimensional numbers that may influence gas holdup include fluid property 
ratios (i.e., /WMi> L/d, H/D, and d0/D). Thus, a gas holdup model in a gas-liquid-fiber system 
may be described by: 
8 = f(pf/pi, Re, We, Fr, Ar, BR, Seff, f, l/(NfL3), A, C, /W/*i, L/d, d0/D, H/D) (B. 18) 
For the present study, fiber density is very close to the liquid phase (water), and pf/pi » 1, 
hence, it is neglected in the nondimensional analysis. It is assumed that the fibers are well 
washed and fiber addition does not affect surface tension, so the Weber number (We) can be 
neglected. The crowding number N (Eq. 2.7) can be formed by combining L/d with C; thus, 
N is used to replace L/d and C. Joung et al. (2001) proved that the effective viscosity is a 
function of Seff, thus, the influence of /Wj^i is described by Seff. Overall, gas holdup has been 
shown to be independent of H/D if H/D > 8 (Bando et al., 2003). In the present study, H/D « 
14, hence, H/D can be neglected in this study. Both d0 and D have an effect on gas holdup 
with d0 affecting the initial bubble diameter (Wilkinson, 1991) and D influencing the column 
wall effects. However, Zahradnik et al. (1997) reported that gas holdup was independent of 
hole diameter when d0 > 1.6mm, which implies the initial bubble diameter does not increase 
with increasing do when do is beyond a certain value. Gas holdup has also been shown to be 
independent of column diameter when D > 15 cm (Zahradnik et al., 1997). Thus, do/D may 
not apply for scale-up. 
Therefore, Eq. (B.l8) can be reduced into 
8 = f(Re, Fr, Ar, BR, Seff, f, N, l/(NfL3), A) (B. 19) 
Note that A can be excluded if scale-up for a specific A is desired. 
212 
To determine if Eq. (B.l 9) is appropriate for gas-liquid-fiber bubble column scale-up, the 
following work must be done: 
1. Gas holdup data must be acquired for different size bubble columns; 
2. Gas holdup data using gas distributors with different open area ratios must be 
recorded for each bubble column. Since it was shown in chapter 4 that gas holdup 
increases with increasing open area ratio and then decreases when the open area 
ratio is beyond a certain value, a correlation for open area ratio at which the 
highest gas holdup is reached is needed. 
3. Scale-up requires flow pattern similarity, so appropriate criteria to classify 
different flow regimes are required. The flow regime in gas-liquid-fiber systems is 
influenced by open area ratio, bubble diameter, fiber type, mass fraction, and 
length, and data are required for different bubble column diameters, open area 
ratios, and fiber types. 
4. The influence of shear rate, BR, and Seff on gas holdup is not available in the 
literature, and new studies in this area are required. However, it is unknown if 
these parameters can be varied while other fiber properties are held constant. 
